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FOREWORD

At the present time the alrcraft Industry is undergolng
rapid expansion and a relatively large number of new men are
working in the aircraft-cooling field. The amount of train-
ing that many of these men have had in the general field of
heat transfer and particularly in the speciallzed field of
heat transfer ln connection with alrcraft is necessarilly
rather limited. BSome of them are consequently confronted
with the problem not only of becoming oriented in the field
of heat transfer but also of trying to read, assimllate, and
evaluate in a limited time the large number of reports that
have been published on the design, selectlion, and installa-
tlon of aireraft heat exchangers.

Reallzing that the above conditions existed, the Bureau
of Aeronautics requested the National Advisory Committee for
Aeronautics to prepare a report summarizing present knowledgs
regarding heat exchangers as applied to alrcraft. .

The authors of the present report believe that the prob-
lem can be alleviated by use, as a textbook, of a report in
which the present knowledge about the elements of design, se-"
-‘lsction, and Installation is summarized. The authors also
believe that men expeorienced in the field can use as a refer-
ence book & report in which the pertinent data, which have
been published in many separate papers, are collected. They
_hope that the present report can fill both these needs; that
it willl be found useful both as a textbook and as a reference
book.

It is not intended that this report entirely take the
place of stendard texts on heat transfer, which give thorough
treatments of heat transfer in general. It is neither neces-
sary nor desirable to include in the present report a detailed
treatment of the mechanism of fluid flow and of heat transfer.
For such a tresatment, including a discusslon of turbulent
boundary layers, analogles between heat transfer and fluid
friction, and so forth, reference 1l 1ls recommended.

Inasmuch as a great deal of ressarch 1s belng done on
the subjects covered. by the present report, revision will
probably be desirable from time to time. The authors will
welcome comments and suggestlions for improvements 1in presen-
tatlon and scope of the materlal included in the report.
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DESIGHN, SELECTION, AND INSTALLATION OF ATRCRAFT
HEAT EXCHANGERS
By George P. Wood and Maurlce J. Brevoort

SUMMARY

A survey of the asubject of alrcraft heat exchangers is
given 1n the present report. The reRort is divided into
three main parts. Part I, entitled "Deaign," presents the
fundamental relations for calculating heat-transfer rate and
pressure loss.in heat exchangers, numerical data for use 1in
applying these relatlions to varlous deslgns, energy-balance
equations for fluld flow, methods of calculating the power
cost of heat exchangers, and a discussion of the application
of tha foregolng materlal to the deslgn of heat exchangers.
Part II, entitled "Selectilon," discusses the selection of
the external dlmensions of coolant radiators, ailr inter-
coolers, oll coolers, and engine fins. Part III, entitled
"Installation," considers the problems of installing heat
exchangers in alrcraft; namely, the design of engine cowlings,
wing entrances, scoops, exlts, and ducts. Appendixes gilve
the physical properties of alr, the properties of standard
atmoaphere as defilned by the Navy, the Army, and the NACA;
and an impact-pressure chart, i

INTRODUCT ION

A short time ago the power produced by the power plants
of airplanes was small and the altitude of operetion of alr-
planes was low. On account of the small engine power, the
inefficlency with which that power was developed, and the
fact, that long range was not requlired of airplenes, the effi-
clency with which cooling was obtalned was a relatively
unimportant consideration., On account of the low altlitudes
of operation, the cooling problem was not a difficult one.
Heat exchangers were usually selected to have as small a
volume as possible and stlill be able to function on th
avallaeble pressure drop. ) .




Efforts ere being directed currently toward lnecreaalng
the range of bombers and cargo ailrplanes, The need for
greater range and carrying capaclity and the large engine
powers that are used today meke 1t important that cooling be
obtained efflclently. The high altitudes at which present-
day airplanes operate also make the cooling problem more
difficult than it formerly was, '

The efficlency.and.the cooling capaclty of heat exchangers
. generally can be increased by: (1) improving the design of
the elements of which they are constructed, (2) selsctin
better proportions for thelr external dimensions, and (3? im-
proving thelr 1lnstallation in the airplane. The present re-
port 1s therefore dlivided into three mein parts: I - Design;
II - Selection; and III - Inatallatlon. Part I is an attempt
to treat in simple terms the fundamental relations by which
heat-transfer rate, pressure drop, and power consumption In
heat exchangers are calculated. It also contalns a re¢sume”
of the experimental data on the heat-transfer and pressure-
drop characteristics of many designs. Part II treats methods
of selecting the external dimensions of heat exchangers of a
given design. Part III 1s a conslderation of the problems
of deslign of the zlr entrles, ducts, and exlts that are asso-
clated with heat exchangers.

SYMBOLS

= ]’E—E , 1/feet
m

a
A cross-sectlonal area of fluld passage, square feet
open frontal area of heat exchanger, square feet

Ag. projected frontal area of scoop, square feet

c speed of sound, feet per second

c gulde-vane chord, feet

Cp specific heat of fluld at constant pressure, Btu

per pound per °OF

Cy specific heat of fluld at constant wvolume, Btu per
pound per °F

c constant in definltlions of generallzsd radiator
variables, foot-pounds per second per cublc foot
of open radlator volume
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cp/CL - - ratio of drag coefficient to lift coefficient of
alrplane . Rt

Cpg. drag coefficient of acoop, based on projected
frontal area .

C1, C2, C3z, Cl, numsrical constants

D hydraulic dlameter of passage, feet
dlameter or width of duct, feet

D drag, pounds
fin effeotiveneée, dimensionless

friction fector, dimensionless
ratlo of cross-sectional areas of passages,

dimenslionless

r ratlo of open to total frontal area of radiator'

by mechanical energy lost per unit welght of fluld
because of friction, foot-pounds per pound

g acceleration due to gravity, feet per second per
second

h coefflcient of heat transfer, Btu per second per
square foot per °OF

by coefficient of heat transfer based on ATy, Btu
per second per square foot per °F .

hy coefficient of heat transfer based on ATy, Btu

. per second per square foot. per °F

hg local coefflclent of heat transfer at d4d3, Btu
per second per square foot per °F

h¢ over-all coeffilcient of heat tranafer between two
fluids, Btu per second per square foot per Op

hy local coefficlent of heat transfer at x, Btu per
sscond per . -square 'foot per OF

H rate of heat transfer, Btu per second

I total preasure, pounds per square foot

AH loass in total pressure, pounds per.square foot

—




n

p

Palt

P50,000

Ap,

Apr

mechanical equivalent of heat (778 foot-pounds
per Btu) .

loss coefficlent .for duct, diffuser, corner, and.
so forth (AH/q)

thermal eonductivity of fluld, Btu per second per
square foot per °F per foot

thermal conductivity of metal, Btu per second per
aquare fooet per OF per foot

pressure coefflcient (gg)

constants in definltlons of generalized radlator
varlables

exponent in equation (5)

length of fluld passage, feet

length of cooling-alr passage, feeh

length of engine-air passage, feet

length of intercoolsr in no-flow direction, feet
exponent in equatlon (5) .

center-to~center tube spacling normal to direction
of alr flow, feet

center-to-center tube spaclng parallel to dlrectlon
of alr flow, feet :

Mach number
number of tubes
statlec pressure, pounds per square foot

ratlo of pressure rlse across blower at altlitude
to pressure rise across blower at 59,000 feet

statlc-pressure drop of coollng alr, pounds per
square foot

statlic-pressure drop due to friction, pounds per
square foot
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.8tatlc-pressure drop due to momentum lncrease,

"pounds per square foot -
net power cost of cooling, foot-pounds per second

power for pumping cooling alr, foot-pounds per
second

power for overcoming scoop drag, foot-pounds per
second

total vpower cost of heat. exchanger, foot-pounds
per second

power cost of transporting welght of heat exchanger,
foot-pounds ver second

ratlio of power cost of blower at altitude to power
cost of blower at 50,000 feet

dynemic pressure, pounds per square foot
volume rate of flow, cublc feet ner second

volume rate of flow of cooling air, cublc feet
per second

volume rate of flow of englne alr, cublc feef per
second -

radius from center ol cylinder to root of fin,
feet

Reynolds number, dilmensionless (R = pVD/u)

gas constant iIn pv = RT .
radius of curvature of duct, feet

radius of curvature.at diffuser exit, feet
radius of curvature at diffuser entrance, feet
fin spacing, feet

gulde~vane speacing or gap, feet

surface area for heat transfer, square feet




ATy
ATd

ATh

area of cylinder .wall, aquare feet

area of unfinned part of heat-transfer surface,
square feet )

area of fin surface, square feet

surface area for heat transfer between two fluids,
square feet

fin thickness, feet
wall thickness, feet

temperature, °F

temperature of cold fluld, °F
temperature of fluid, °F
temperature of hot fluid, Op
temperature of wall, op
temperature difference, °F

mean temperature difference; logarithmlc-mean
temperature difference, °F

arithmetic-mean temperature difference, °OF
rise in temperature of cold fluid, °F
temperature difference between fin and fluid, Oop

temperature difference between direct surface and
fluid, °F

drop in temperature of hot fluid, °F

internal or intrinsic energy per unit weight of
fluld, Btu per pound

volume of heat exchanger, cublc feet
open volume of heat exchanger, cublc feet

specific volume of gas, cubio feet per pound (1/gp)
speed of fluld, feet per second
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. speed of alr at minlimum cross sectlon of tube

bank, feet pér asecond
fin width, feet ]
welght rate of flow of fluid, pounds per second

welght rete of flow of cooling air, pounds per
second )

welght rate of flow of englne alr, pounds per
second

woelght rate of flow of het fluid, pounds per
second .

total mechanical work done by unit weight of
fluld, foot-pounds per pound

rate at which mechanical energy 1s recoverable
from heat input, foot-pounds per second

duct helght, feet

net external mechanical work done on unit welght™
of fluld, foot-pounds per pound

distance from tube eﬁtrance of cross sectlion at.
which hyxy 18 meusured, feet

ratio of specific heats (cp/cy)

factor tq account for weight of heat-exchanger
mounting, dimenslionless

mean btemperature difference between hot fluid and'
cold fluld dlvided by inlet temperature
difference, dimenslionless

rlise in temperature of cold fluld divided by
Inlet temperature difrerence, dimenslonless

effliciency of diffuser, dimensionless
effltliency of supercharger, dimensionless

one-half the included angle of expansion of
diffuser, degrees




0 angle through which ailr 1s deflected by duct
corner, degrees

K coefficient of viscoslty of fluld, slugs per
foot-second

& drop 1n temperature of hof fluld divided by inlet
temperature differsnce, dimenslonless

p mass denslty of fluld, slugs per cublc foot

PR density of radlator based on open volume, pounds

per cublc foot

c ratlio of density at altitude to density at sea
level, dimensionless

@ dimensionless group for correlating lamlnar-flow
heat-transfer coefficlents, filgure 5D

(Prandtl number X Reynolds number X I
Subscripts:

1, 2 ~ two fluids in a heat exchanger

0, 1, 2, 3 stations shown 1in figure 17

1 Inlet

o outlet

A superscript bar indicates & mean value, and a primé Indicates
a generalized varlable. Symbols in equations and figures

taken from references have been changed throughout to the
notatlon of the present paper.
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. . I-DESIGN

Every desizn of heat exchanger can be vlsuallzed as an
arrangement of tubes. Conventilonal coolant radiators and
o1l coolers are composed of bundles of circular tubeas through
which the cooling air flows and over which the liquld llows.
Some intercooleras &are likewise composed of bundles of circu-
lar tubes. Othera are made up of flat plates aas dividing
surfaces between the two fluids, with indirect cooling sur-

. faces attached. The &ir flows through passages that may be

considered tubes. The passages that are formed by the cylin-
der walls, the flns, and the baffles of an alr-cooled engline
may likewlse be thought of .as tubes.

In the deslign of a heat exchanger, 1t 1s deslrable that
the heat-transfer and the pressure-drop characteristics of
the elements or tubes be known, Part I 1s concerned wilth
the factors that influence these characterlstlcs; namely,
the dimensions, the shiape, the specing, and the arrangement
of the tubes, and the velocity and the physical prqpertles
of the fluid.

The flow of flulds through the tubes or passages can in
general be characterized as laminer or turbulent. In leami-
nar flow, each particle of the fluld flows 1n a line that 1is
nearly parallel with the axls of the passage. There 1s
practically no mnixing of various parts of the fluid. In
turbulent [low, tl.e purtlicles oi the Fluld move in an agl-
tated, disorderly, eddjing type of motilon, Rate of heat.
transfer and frlctlonal pressure drop are dlfferent for the
two types of flow. The type of flow that takes place iIn a
tube depends principally on the Reynolds number, The
Reynolds number for flow through a tube 1s defined as the
dimensionless groun pPVD/p where D 1is to be taken as the

hydraulic diameter of the tube. The critical Reynolds

number below which lamlnar flow always occurs and above which
turbulent flow usually occurs 1ls about 2100 for a circular
tube, provided that the length-diameter ratlo of the tube 1s
large enough for turbulent flow to be developed. For the
tubes of small length-dlameter ratio commonly used in ailrcrarft
heat exchangers, the flow may be considered turbulent if tha
Reynolds number is not less than 6000 to 8000.

In correlating data on'fluid flow, the concept of
hydraulic diemeter 1s useful. The hydraulic dlameter of a
tube of any cross-sectlonal shape 1s deflined as four tlimes
the cross-sectlional areas of the tube divided by the perimeter
of the tube. For example, thé hydraulic diameter of a
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rectangular tube of sides & and b 1s 2ab/{a + b). The
hydraulic diameter of a circular tube 1s’ . the geometrlc dla-
meter of the tube.

HEAT TRANSFER

In a study of the transfer of heat in alircraft heat
exchangers, lnterest is centered on transfer by forced con-
vectlion. The role played by radiation 1s a relatively unim-
portant one. Although.conduction through solids is a
necessary factor in the functioning of heat exchangers, a
detalled consideration of conduction 1s not necessary. The
treatment of heat transfer in the present report 1s therefore
primarily a treatment of heat transfer by forced convection.

. A foundatlon for thse discusslon of the heat transfer
between the two flulds of a heat exchanger 1s laid by a dis-
cussion of the heat transfer between a fluld and a surface.

HEAT TRANSFER - BETWEEN FLUID AND SURFACE
Two Fundamentel Equatilons
Conslder a cold fluild flowing past a hot surface. The

temperature dirference that exlsts between the wall and the
main body of the fluld is shown in figure 1. Ixperliment

Flgure 1. - Temperature difference between hot wall and cold
fluld.

shows that dH, the amount of heat transferred per unit time
to the fluld from an element of surface area dS, 1s
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‘proportional_to the area of the surface element and to the
temperature difference AT exlsting between the surface and
the body of -the fluld at the element dS; that 1s, .

. @HeAT a8~
If a proportionality factor hg 1s used, the equation re-
lating these quantitles 1s .

'@H = hg AT 48 - (1)

The rate of heat transfer from the entlre surface 'S
to the fluid is giyven by integratlion of equation (1). In
the general case, hg 1is a function of the temperature of
the fluid, which varies over the surface and -is a function
of H. For alr, however, the value of hg 1s practically
independent of temperature and hg may be replaced by -h,
The temperature difference AT 1s a function of both ‘the
fluld and the surface temperatures, which are functlons of
H. The integration of equation (1) may therefore be indi-
cated as

J5% = nfas . (2)
If the integration of equation (2) is performed,
H=hs AF (3)

where AT 13 the mean temperature difference between the :
entire surface and the fluid, The actual integration shows -
that AT 1ia the logarithmic-mean temperature. difference,
defined as .
' ATy - ATy
1 ATq

o ——

&e AT,

anm =

Equation (3) 1s the fundamental equation on which is based.
the treatment of heat transfer between a fluld and a surface
by forcedconvection, .

The transfer of heat, which is determined by equation (3),
must also satlsfy the energy-balance equation

HE=Wop (T - T1) (4)
(A more precise form of the energy-balance equation, which

must be used occasionally, 1s given later in equation (40).)
Calculations for the prediction of the heat-transfer rate in
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a given plece of apparatus must take into account both equa-
tions (3) and (L). An example of the comblnation of these
equations into a 'single working equation is glven later in
the discussion of the application of heat transfer to
radlators.

Coefflcient of Heat Transfer h

The quantity h appearing in equation (3) is.known as
the coefflclient of heat transrer. Experiments show that the
value of h depends on the type of flow, the arrangement of
the surface area, the hydraulic diameter of the passage, and
the veloclty and the physical properties of the fluid. It .
1s the purpose of the present sectlon to glve equations and .
data that willl permit the calculatlon of the valus of h
for the various conditions encountered 1n aircraft heat
exchangers., -

. Turbulent flow tkrough stralght tubes, - It has been
found that experImental determinatIons of the values of h -
for turbulent flow through straight tubes with cross sections
of any shape generally can be correlated by the single )

equation
2 m
hD _ c pVD
T =0 (—%—"8) (p) (5)
where
hD '
* Nusselt number, dimensionless

E%§§ Prandtl number, dimensionless

and, as before, ]

2%2 Reynolds number, dimenslionless

For the turbulent flow oi eir through smooth stralght tubes,
" the best values for the exponents 17 and m and the con-"

stant C; in equation (5) for both heating and cooling, as
given in reference 1, are

'Cl = 0.023
1 = 0.}
m= 0,8




)

I~-541

<
A&

Substitution of these wvalues 1n equation (5) gives

= 0.023 (?%;%)P b <?—T>° -8 o (6)

"o
For air, _%;§ = 0.76 and may be considered ‘constant with
respect to ﬁenperatﬁre and pressure., Equation (6) then

reduces to
0.8
P =o.02 (P—P) (7)

Because, for the units used 1ln the present report, the
numerical value of k is 10 times tne numerical value of p _

- for alr at any given temperature, the equation further

simplifles to
h = 0.2 (%)0'2 (pv)0-8 (8)

(The constant 0.2 obviously 1s not dimensionless.)

Tor the steady flow of alr through a tube of conatant
hydraullc dlameter and constant cross-sectlonal area, the
quantities D and pV 1in equation (8) are constants
throughout the length of the tube. The coefficient of
viscoaity p 13 a function of terperature alone, The
variation of 0.2 throughout the length of a tube of a
heat exchanger 1is very small. Tor the turbulent flow of
air, therefore, the value of h can be considered constant
throughout the length of the tube.

Problem:

Calculate the heat-transfer coefficlient h for the

flow of alr through'a circuler tube 1/l inch in diemeter.
The initial air temperature is 0° F and the final tempera~
ture ia 75° P. The initial density is 0.0022 slug per
cublc foot and the inltilal velocity 1s 100 feet per second.

Solution:
e value of h is found by using equation (8),

n = 0.2 (%)0'2 (ov)2+8  Btu/sec/sq £t/°F (8)

The value of p at the average alr temperature of 37.5°.F,
as found from figure 67 of appendix 4, 1is

p=3.6 x 107 slug/ft-sec
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The 1initial value of PV can be used because PV "1ls & con-
stant throughout the length of the tube. Then,

0.2 -
h = 0.2 (?:§I§74%> (2.2 x 10~3 x 102)0-8

0.2 x 0.11 x 0.3
6.6 x 10”5 Btu/sec/sq £t/°F

R

Problem:
Calculate the welght rate of flow W for 250 of the

tubes in the precedlng problem.,
Solutlon:

=
i

gApVn

L2
32.2 x [ % (ﬁa) x 0.0022 X 100 X 250

0.60 1b/sec

The transltion reglon. - Between the entrance to a tube
and the reglon In whlch the flow in the tube has the charsac-
teristics of fully developed turbulent flcw, there 1s a
reglon of transition in vhich the velocity distribution
across the tube 1ls changing from a unlform distribution at
the entrance of the tube to the dlstrlbutlon that charac-
terizes turbulent flow. (See fig. 2.) In the transition

Figure 2. - Velocity distributlon near tube entrance and
veloclty distribution of turbulent flow.
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region, the value of h 1s somewhat greater than the value
given-by equation (6), which applies to fully established
turbulent flow, It is advisabls, however, to use the smaller
velue belonging to fully developed turbulent flow, as gilven
by equation (6), in making calculations for the types of heat
exchanger now in common use, Experlence has shown that,
with the Reynolds numbers and the tube lengths usually
employed 1in heat exchangers, the effect of the transition
reglon can be neglected and equation (6) can be used for

‘ealculating h,

Turbulent flow aoross tube banks. - Experimental de- °
terminatIons of h for the turbulent flow of alr acroas
benks of cilrcular tubes can also be correlated by equa-
tion (5), rewritten to read

\'A p\0.6é
h.% = Ca (.E_‘."%‘C_) . (9)

In equation (9), Reynolds number is based on the velo-
cilty of the alr at the minimum free area Vpyax and on the
outslde tube dlameter D. The exponent m of equation (5)

c
equals 0.6 and the quantlity C; —%;E has been replaced

by Co. The value of Cs depends on: (1) the ratio of

the center-to-center spacing of the tubes parallel to the
irection of the air flow to the outslide dilameter of tue

tubes m éb, (2) the ratio of the center-to-center spacin

of' the tg es normal to the direction of the air flow to the

outside diameter of the tubes mp/D, and (3) the arrangement

of the tubes, that 1s, whether thay are in line or staggered.

The values of C2 as a function of tube spacing have
been calculated from the data of reference 2 and are given
for in-line tubes in flzure 3 and for staggered tubes in
figure li. The data of flgures 3 and !, are applicable only
when the tube bank 1s at least 10 rows deep; they are most
nearly accurate for a Reynolds number of 8000 and, for nost
purposes, are sufficlently accurate over a fairly wide range
of Reynolds numbers, : ;

Problem:

e tubes of a heat ‘exchanger in which the cooling ailr
flows across the tubes are so spaced that the center-to-
center dlstance between tubes 1n the direction normal to the
air flow mp 1s 0.45 inch and in the direction parallel to
the air flow mp 1s 0.35 inch. The outside tube dlameter

D 1s 0.25 inch, the average fluid temperature is 50° F, and

the average fluld pressure is 20 inches of mercury. The
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m,/D = 2.00 |

26 ™~ | (132
.ﬂL I
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Tigure 3. - Constant C2 as a functlon of tube spaclng for

P4

flow of air &cross in-line tubes. (Data from reference 2,)

fe-Tin _
6 OLO
-0 0O

.38
2 1 e
.50 __t+—
D
.32 ——
: ~—
+30, 1.5 2.0 2.5 3.0
my,/D

Pigure li. - Constant C, as & function of tube spaclng for
flow of alr across staggered tubes. (Data from reference 2.)
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velocity of the air at the minimum cross-sectlon V. is
measured as 65 feet psr second. What is the value of tlHe
heat-transfer coefficient h (a) if the tubes are staggered
as shown In flgure L and (b) if the tubes are in line as
shown 1in flgure 3%?%

Solution:
(a) The heat-transfer coefficlent h 1s found by
© p\0.6 .
PV, D\’
h = % Co (—-#“ﬁ'fl‘——) Btu/sec/sq ft/°F (9)

From figure 67, '
= 3,67 x 106 Btu/sec/sq £t/OF/ft
and . |
u = 3,67 x 1077 slug/ft-sec

r the sta ered tubes, from figure l, for
= 5/0.25 = 1.8 and mp/D = 0.35/0.25 = 1.k,
C2 = 0.335
The density P 1is found as follows: The density of NACA
standard air under sea-level conditions - pressure,
29.92 inches of mercury; temperature, 599 ¥ - 1s 0.002378

slug per cubic foot, (See appendix B.) The density at a
pressure of 20 inches of mercury at 50° F 1s therefsre

20 18
0.002378 X m X EUQ

= 0.00162 slug/cu ft

-

P

If this value 1s substituted in equation (9),

h=3,67 x 10-6 x L8 x 0.335 (0.00)122xx3?27x 10 )

= 1,1 x 10~ Btu/sec/sq f£t/°F

(b) For the in-line tubes, for m,/D = 1.8 and
mp/D = 1.4, figure 3 glves

Gz = 0.27
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Thersfore,
0.27
0.335

8.9 x 10-3 * Btu/sec/sq ft/°F

Laminar flow through tubes. - In contrast wlth the case
of turbulent flow througn cives, the case of leminar flow
through tubes is In an unsatisfactory status. As previously
pointed out, the value of h for turbulent flow can be con-
sidered constant throughout the length of the tube. For
laminar flow, however, the value of h generally is a
functlon of the length of the tube, Equation (2) accordingly
becomes :

h = x 1,1 x 102

=%£thwdx : : (10)

) The integratlon in equation (10) is relatively difficult.
The problem is greatly simplified by using, 1nstead of ‘equa-
tion (10), equation (3)

=hs AT (3)

in which AT 1s the logarithmic-mean temperature difference
and h 1s the corresponding heat-transfer coefflcient.
-Although h does not represent the true mean value of hy,
its use has deflnlte advuntages in addition to the simplicity
of equatlon (3). Convenlent equations are avallable for
approximating h, The use of h permlits comparisons with
results for turbulent flow, ‘As L 1ncreases, h approaches
a lower 1limit that 1s the same as the lower limit of hyg.

. Fewer experimentual data on heat transfer are available
for laminar flow than for turbulent flow., The results that
are presented in the following paragraphs are theoretical
results taken from reference 3, In order to obtain these
results, certaln simplifying assumptions were made relative
to the conditlons under which the heat transfer occurs, Ir
1t be assumed that both the tube-wall temperature and the
fluld propertles -~ cp, P, and k - are constant throughout
the length of the tuge anc that the veloclty distribution
across the tube 1s parabolic, the value of h 1s gilven by
figure 5 (filg. 2 of reference 3), Figure 5 shows the
Nusselt number hD/k as a functlon of o, where

O:Eﬁ.&@g
~ k v L
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Infinite peted
{—parallel A1
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. .

Pigure 5, - Theoretlcal heat-transfer correlatlion for lami-
nar flow - Nusselt number as a function of &,

CpHiE .
@ = —%;— EE?— %. (#rom reference 3.)

One curve of flgure 5 1s for flow through circular tubes;
the other 1s for flow between flat plates of Inflinite extent
psrpendicular to the flow directlon. It should be noted
that h 1s apnroximately e constant for small values of @.

The curves of flgure 5 can be approximated by the
following relations:

For circular tubes,

% 1.615 ¢1/3 ' @ > 12

= 3,66 . < 12
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For flat »letes, .
BD - 1.8 81/3 . @ > 170
= 7,60 . ' @ <70

The limiting values that hD/k approaches (from above)
as & decrcases are shown ln table I, which 1s taken from
reference 3:

TABLE I. - LOWER LIMTPS APPROACHED BY hD/k AS & DLCREASES

Parabollc Unifornm
Conditions assumed veloclty veloclty
~distribution | dlstribution

Circular tubes;

. constant wall temperature 3,66 5.80
Circular tubes; constant . )
heat input per unit length .36 8.00
Infinite flat plates; .
constant wall temperature 7.60 9.88
Infinite fliat platas; constant

heat input pex unit lengil: 8.2, 12.00 -

Values are glven for both a parabolle veloclty distributlon
and a uniform veloclty distribution, under the assumptions

of conatant wall temperature and constant heat input per unit
length. Generally, none of these condltlons 1s reallzed in
practice, In llieu of more directly appllicable results for
cagses occurring ln practice, however, it may be found con-
venient to estlmate, from the data of table I, the value of
hD/k for any glven set of conditions. Tor the sake of
safety, the lowest of the more nearly appllcable values glven
in the table might be used as the average value .of hD/k
throughout the tube.

Mean Temperature Difference AT

When the heat-transfer coefficlent h 18 constant and
the temperature of the fluld changes linearly with the amount
of heat transferred to or from 1t, the proper mean tempera-
ture difference AT for use in equation (3)

H = hS AT (3)
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is the logarithmic-mean temperature difference

© ATy = ATy -
AT =
& ATy

logg Zﬁ;

(11)

‘All equations and numerical data given in the present report
for correlating and calculating values of h are based on
this definltlon of meun temperature difference. Two other
definitions of AT have been used, however, in the litera-
ture: the inlet temperature dlfference and the arithmetic-
meaen temperature difference. The convectlon equatlons
corresponding to these definitions are, respectively,

H = hyS ATy

Although the use of these alternative deflnitlions of tempera-
ture dlfference 1s permlissible, the use of the inlet differ-
ence In particular 1s Inadvisable because 1t does not permit
correlatlion of test results over a wide range of the
varlables thet determine the rate of heat transfer.

In many cases, when the dlfference between ATy and
ATy 1s not too large a part of AT4, the arlthmetlc-mean
difference defined as

BTy = 5(ATy + AT,)

can be used, with negligible error, lnstead of the logarithmice
Tean difference. In fact, when ATy 1s larger than

gATi, the error caused by using the arithmetlc-mean rather

han the logarlthmic-meen temperature difference 1s less
than l; percent.

Conslder the case In which part of the heat~transfer
surface area 1ls fln area; that 1s, part of the surface 1is
Indirectly heated, The heat that 1s transferred to the
fluid from the dlrectly heated part of the surface traverses
only a short patk in the metal and therefore experlences a
relatively small thermal reslstance in the metal; whereas
the heat that 1s transferred from the surface of the fins
traverses a relatively long path in the metal and experiences
a relatively large thermal resistance. The result 1s that
the surface of the:fins operates at a lower temperature than
the direct surface. A fin 1s therefore less effective, per
unit surface area, than direct surface for heat transfer.
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A fin effectlveness f can be defined as the pratio

f:-A_Ti
ATy

where ATy 1s the temperature difference between the fin and
the fluld and ATg 1is the temperature difference between the
unfinned part of the surface at the base of the fin and the
fluid. For thls case, equation (3) becomes

H = hSg AT + hSp AT £

h (Sq + S¢f) BT (12)

in which 3T 1s based on the temrerature of the direct
surface,

By using a relation developed in reference l. it can he

shown that, for englne cyllinders with circumferential fins,
equation (12) becomes (see i1'ig. 6)

2
H=nh 5 [/2w+-'r',—b->f+s]ﬁ (13)

s + t \

‘0

Tigure 6. - Definitlon of fin symbols.
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For stralght fins of rectangular cross section, the
value of the fin effectiveness (reference 5) is
£ = tanh aw (1)

aw

Equation (1lli) can also be used with negligible error for the
rectangular or the tapered circumferentlial fins on an air-
cooled englne cylinder (reference 5).

where

A aimpler expression for £ 1s the approximate equa~-
tion (reference 6)

The value of f from equation (15) differs from the value
from equation (1l.) by not more than 1 percent for
0.50 < £ < 0.95.

Applications

Heat transfer in the radlator, - Applicatlon of the
materlel thut has hbeen presented can now be made in actual
calculatlons of rate of heat transfer. Conslder firat the
case 'of heat transfer from the wall of a circular tube to
alr flowing through the tube. Let the tube wall be kept at
a constant temperature tlaroughout its length. Although
the case of constant tube-wall temperature may at first
appear to be one not.encountered in aircraft heat exchangers,
actually it 1s the case of the alrcraft coolant radiator,
The water or the mixture of water and ethylene glycol used
in radiators keeps the entlre cooling surface at essentially
the same temperature, which 1s very nearly the average
temperature of the coolant.

It 1s desired to be able to calculate the rate of heat
transfer from a tube of given dimensions when only the tube-
wall temperature and thie physical properties' and the velocity
of the slr are lknown. As was ‘polnted out previously, the
rate of heat transfer from any surface i1s such that both the
convectlon equation

= hs &F (3)
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and the heat-balance equation , . -
E=Wop (T - T1) : (L)

are satisfiled., It 18 convenient to combine equations (3)

end (L) into a single expression for H that does not con-

taln the unknown T, a8 follows: If H 1s elimlnated be-

tween equations (3) and (L) and substitution is made for

AT from equation (11), ,

-h8  _ Ty - T3 ) ]

Equatlon (16) is eaélly transformed into tﬁe expressibn

' hS
To = T2 = (Ty - Ti)(E.- e " °p (17)

if equation (17) is subst1+uted in egquation’ (h),

H=Wcp (Ty - Ti)g- oV °P> (18)

If a substitution for h 1s made from equation (§) and.if
S = 1rDln
¥ = gApV
A=ED2n
and
ATy = Ty - T4

are used, the heat-transfer -equation for ﬁhe in radlator
calcula?ions 1s obtalned

. . -0.2 L
E =W cp.ATy (1 - ¢-0.1R 5) (19)

= Wocp ATy 1

It 1s interesting to show-graphlcally the relation-be-
tween 1, where
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ATg1y To =Ty ' -0.2 L '
= = - - -O.lR *
o oon= ATy - Ty = T1. .1 - © . _ D (20)

and Reynolds number and L/D. Thls relatlion is shown in
figure 7. Flgure 7 shows the menner in which the final

1.00 : ; . - ——
R = 5,000~ | —————
" om 10,000 N ——F—— — |
. . //
60 : ] 20,000
* L0, 000

.).I.O / “
/ A
V4

0o 20 Lo 60 80 100 120 14O 160 180 200
L/D .

Figure 7. - Variation of 7 with tube length-diameter ratio
and Reynolds numaber,

temperature of -the alr approaches the temperature of the
wall as the value of L/D 1s increased.

For small values of L/D, n 1s comparatively small,
For small values of L/D, therefore, the temperature of the
alr 1s Increased not much beyond its initial value. The
mean temperature dlfference between wall and air 1s greater
therefore for small values than for large values of L/D.
The expresslon for the meun temperature difference is easily
obtained, as follows: The mean temperature difference AT
i1s deflned by equation (1ll) as

ATy = AT
AT =——!‘———ﬁ- ' (11)

loge T,
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For a constant wall temperature, the equation becomes.

T, - T
=L
ATy

loge 2To

By a substitution from equation (17) for the numerator and
from equation (16) for the denominator,

_ ATy (& - e cp>
_hS

AR = —2
W Cp
. .
Because n =1 - e = °P,
Tg - n
ATy log, _1_%_'_“_

Tnasmuch as 1. can be expressed as a function of L/D and
Reynolds number &alone,

-0.2 L
-n — 1 - e-O.lR ﬁ

the dimensionless mean temperature difference &AT/AT{ oen
also be expressed as i

(21)
- L
0.1R 0.2 B

Equation (21) is plotted in figure 8, which shows small
values of L/D -to be advantageous on account of the larger
values of mean teuperature difference. Esat exchangers,
however, are designed to have not the lowest values of L/D.
The use of short tubes and tubes of large dlameter results
in heat exchangers that have large frontal areas,
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1.0

.8} 1
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o 2—f _ 20,000—
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L/D

Figure 8. - Variation of &AT/ATy with tube length-dlameter
ratlo and Reynolds-number.

Problem:

That 1a the rate of heat transfer in a radietor composed
of 4O tubes that are 15 inches long and 1/l inch in inside
dlameter? The tube-wall temperature ls kept essentlally
constant throughout the radiator at 200° F. The cooling air
flows through thg tubes and has a coefficlent of viscosity

of 3.6 x 10~ slug per foot-second, a density p of
0.0022 slug vmer cubic foot, & veloclty V of 140 feet per
second, and an inftial temperature of 38° ¥,

Solution:
e Reynolds number of the flow ls -

pVD _ _0.0022 x 140
k3.6 x 1077 x 148

= 17,800
The length-dlameter ratio of the tubes 1s
§=15 x4
60 .
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From figure 7, the value of 71 1s found to be 0.58. The
rate of flow 1s

W= gApv , g
= 32,2 X E X (ﬁ%) x 4o x 0.0022. x 11,0

= 1.4,9 1b/sec
The rate of heat transfer is then given by equation (19) as
H=Wecp ATy 1 -
= 1.49 x 0.2k x (200 - 38) x 0.58
= 33.6 . Btu/sec

. Heat transfer from alr-cooled engine cyllinders. - The
rate ol heat transfer from an engine cylinder with. circum-
ferentlal fins to the cooling air can be calculated by equa-
tions (13) and (l}). The quantity AT 1is properly the
logarlthmic-meen temperature dilfference, although the
arlthmetic-mean 4ifference can be used wlth small error.
(See section entitled "Mean Temperature Difference AT.")
In the calculation of the effect of changes in the fin
dimensions on the rate of heat transfer or on the welght
rate of flow required to cool a cylinder, equation (8) is
sufficlently accurate for determining the coefflcilent h.

HEAT TRANSFER - BETWEEN TWO FLUIDS

-All the foregolng discussion of part I applles to the
transfer of heat between a fluild and a surface, In heat
exchangers, the heat transafer takes place between two flulds
- separated by a wall, The temperature gradient between the
two flulds at a representative point is shown 1n figure 9.
The discusslon of the simpler case of heat transfer between
a fluld 'and a solld 1s pertinent because the heat exchanger
1s simply an extenslion of this case in whlich there are two
comblnations of fluid and surface,

Basle Equatlons
As in the case of heat transfer between wall and fluid,

the rate of heat transfer in a heat exchanger 1s determined
by an energy-balance equation and a convection equation.
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Figure 9., - Temperature  gradlent between the two flulds in
a-heat exchanger. .

The energy-balance equatlion applies to each of the two flulds
in the heat excheangex, For the cold fluilqd,

H= Ve ep (Tg =~ Tglg
For the hot fluld,
H =Wy cp (T4 - Todn

The convection equation, which is similar to equation (3),
1s

H = ht8y AT (22)

The quentlty hy 1s the over-all coefficlent of heat
transfer between the two fluilds and 1s a functlon of too many
quantities for a simple correlation equatlon, such as egua-
tion (5), to exist. The value of hi, however, can be
calculated by use of the following equatlon:

1 _ 1 1 -
hgSt  B1S1 | hada (23)

In equation (23), hy 1s the coefficlent of heat transfer
between one fluld and thp surface S; .in contact with 1t,
and h2 1s the coefflclent for the other fluld and the
surface S2 1n contact with 1t. Each of these coefficlents
can be calculated by the equations glven in preceding seo-
tions. The values of 8; and 82 generally are different,
because one may be based on the inslde dlameter of a tube
and the other on the outside diameter or one may be based on
& finned surface and the other on an unfinned surface.
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. The quantity 8t 1s the surface area that is to be
‘used in conjunction with the over-all coefficlent’ hg.
Actually, hy and 8¢ always occur together and always as a
product and, therefors, only the ‘value of the product htS¢
generally is of interest. The value of ht 1s not measured
directly but is calculated from equation (23). Should 1t

be necessary to know the value of hg, however, 1ts value

can be obtained from the value of htSt by assigning any
convenlient value to Sge. For example, St .may be taken
equal to 83 or to S2. For circuliar tubes, St may be
based on the logarithmic-mean dlameter of the tube, In a
heat exchanger I1n which flat dlviding plates are used, such
as the Harrison lntercooler, it 1s convenlent to take the
dividing-plate area as Si. .

Equation (23) 1s a resistance equetion, in which 1/h3S;
1s the thermal resistance between one fluld and 1ts metal
. surface, 1/hoSo> 1s the thermal resistance between the other
fluld and 1ts metal surface, and 1/htSt is the total or
over-all thermal reslistance between the two fluids. Actually,
the right-hand slde of equation (23) should contain a third
term t/kpSy, which represents the thermal resistance of the
metal wall between surfaces 1 and 2. For metal walls,
however, the magnitude of thls term 1s so small in comparison
wlith the other two terms that the term can be omitted from
the equatlon.

Mean Temperature Difference

The present sectlon 1s & dlscussion of the calculation
of the mean temperature difference between the two flulds in
a heat exchanger, that 1s, of the average value throughout
the entire heat exchanger of the AT shown in figure 9.
In this dlscussion 1t is convenlent to use nondimensional
quantities, The three quantlties to be considered here -
drop in temperature ¢f the hot fluld, rise in temperature of
the cold fluld, and mean temperature difference between the
two fluids - are made dimenslionless by dividing by ATy, the
difference in the inlet temperatures of the hot fluld and
the cold fluld. Thus,

_ ATh _ Drop in temperature of hot fluid
T ATy T 5if§erence In Tnlet temperatures

_ OT¢ _ Rise in temperature of cold fluid
M = ATy ~ Difference in inlet temperatures

iy T
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¢ = AT _ _ Mean temperature difference
~ AT{ ~ Difference in inlet temperatures

Equation (22) may then be written

H = hgS4l ATy (24)
Equation (lj) may be written, for the hot fluld, as
. H = Wp opZ AT ' (25)

and, -for the cold fluild, as
' H = We cpn ATy (26)

The two fluids in a heat exchanger may flow parallel in
the same direction (parallel flow), parallel in opposite
directions (counterflow), or at right angles to each other
(crossflow), In parallel-flow and counterflow excheangers,
the temperature difference between the two flulds wvarles
along the length of the exchanger, as shown in figure 10,
For countcrflow, the mean temperature dlfference betwsen the
two flulds 1n nondimensionul form 1s

- & -7
t = T (27)

loge T—-_%

For parallel flow, the mean temperature difference in nondi;
mensional form is .

{ = g+ nl (28)
080 T

For the parallel-flow heat exchanger, the sum of & &and 1
cannot exceed unity. For glven values of ¢ and n, { 1
less for parallsl flow than for elther crossflow or
counterflow, '

Example:
. A8 1llustratlons of the calculation of ¢, consider

heat exchangers in which the hot air enters at 300° F and
leaves at 100° ¥ and the cooling alr enters at 10° F and
leaves at 90° F. The inlet temperature difference 1s

ATy = 300 - 10
= 290° F




32

| —

L
(a) Parallel flow.

(b) Counterflow.

Figure 10. - Temperaturse gradlents 1in parallel~flow and.
counterflow heat exchangers.

The drop in the temperature of the hot fluld 1s
ATy, = 300 - 100
= 200° F
T™.en,

Alp
ATy

UM
n

200
250

= 0.69
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The rise in the temperature of the cold fluid is

ATg '="90"= 10~ . -
Bq° F

. AT
n= sz

.80
290

= O..28

[

Then,

For counterflow, by equatlon (27),

t = §.".'ﬂ

1-_13
10861-§
2

loge G '.'3:1'

0.h1

= 0.@+
= 0.49
For parallel flow, by equation (28),

t = £+ 1N
1
loge 1-Z -1

- 0,69 + 0,28

1

loge 1

- Oagz

loge 5 .103

0.28

L

- 0,69 - 0,28

33

(27)

(28)
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In a crossflow exchanger, the temperature difference
between the flulds varies not only along the length of the
exchanger but also across the wldth, Figure 11 (taken from
figures 3 to 5 of reference 7) shows the-distribution
throughout a crossflow heal exchenger of the temperature of
the hot fluid, the temperature of the cold fluld, and the

Hot fluild
f_c:.: Cold fluid

Figure 11, - Distribution in a crossflow heat exchanger of
the temperature of the hot fluld, the temperature of the
cold fluld, and the temperature difference between the two
fluids. (From figs. 3 to 5 of reference 7.) .
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temperature difference between the two flulds for a repre-
sentative set of condltions.

_..the mean value, throu 1t the exch
difference between the two fluids.

The quantity- AT =

ghout the exe

t ATy 18-

er, of the temperature

~ For the crossflow

exchanger, there is no simple exact expression relatil Q,
for various values of and
m have been calculated by Nusselt (reference 8) and are
presented in table II.

g, and 1.

The values of

eCpe
(FROM REFERENCE 8)

The data of table II are plotted in
figure 12 with 1/{ as a function of Wgep,/W

TABLE II. ~ VALUES OF { FOR CROSSFLOW

and éo

Etgl 0

0.1

0.2

0.3

0.9

0.5

0.6

°a7

0.8

[
e
o

0.9

0 |xr.000
.1 -9)4.7
2| .893%

'ﬁ .838

.781

.5 -721

6] 657

7] 586

-8 .502

9] .388
1.0/0

.729
.670
.605
.533
L3
«338

0.893

L7865
« 73
£77
617
552
1180
«398
292

0.858
.786
« 7354
682
625
-565
502
L30

2h7

0.761
729
677
L85
569
513
Qb9
373
<300
206

0

0.721
670
617
565
513
156
30N
.326
251
167

¢}

0.657

.&5
552
.502.
-4k9
«39L
- 334
271
.201
.128

0

0

.586
533
1,80
150
. 378
226
271

213}

»151
'o@

0,502
ubll.a
305
300
251
201
151
100

0.388
#3538

247
.206
L] 167
.128
.089
.052
.022

[*NeNoNeoNoNoNoNeloNoNo)

Problems

What 1s the value of ¢

for the values of & and

Solution:

T & = 0.69

Figure 12 car also be

n

for a crossflow heat exchanger
used in the preceding example?

and m = 0,28, table II gives

used to find §.
Wc Cpc _E“.
Vig Cpe 7
- 0.69
0.28

"
)V
=

oN

¢t = o7,

Because
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the abscilasa 1s 2.46. Therefore,

¢ =2.2,

and

t = 0.4k

1/t

VeepMeocp,

Figure 12. - Mean temperature difference 1n crossflow - 1/t
as & function of Weep,/lWecpe &ani &. (Data from
reference 8.)

The values of the ratio of [ for crossflow to { for
counterflow for varlous values of & and 1 are shown in
table III, which 1s taken from reference 8. It is oclear
that, for given values of & and 7, { 1ls greater for
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TABLE IIT. - RATIO OF ! TOR CROSSFLOW To (
TFOR 'COUNTERFLOW (FROM-REFERENCE- 8)

;ig ol 0.1 | 0.2 0.5 04105} 0.6 0.7 0.8]0.9

Oj1. 000 1.000}1. 000 1.000{1.000{1.000{1.000|1.000
6 -93 -98h .978| .973| .961 -B;T-
3 -9 -9%5 9671 .955] .9 . 19 « 073
0 Z 952} .935] ,908 2 .810
925 9h8 «9%5 09 973 -ZZB
. 950 .935 g%o .832 Z6g .665
.980 922 .955 .309 835 o7 9 501
.9Z5 . T .07 832 Z .Zlo 1 485
.961| .919 72 .8 1l 500 360
.928| .86%7| .801| .73 é .5 1 Loo| .360] .220
counterflow than for crossflow. In other words, the surface
area requlred with counterflow is less than that required
wlth crossfiow. It ie customary, however, to make alrcraft
heat exchangers of the erossflow t ype because it 1s much )
slmpler to connect manifoldlng or ducta to the crossflow type

than to the counterflow type. (See also sectlion entitled
Uipplicatinns to Design.")

w. o e o o [ NH

S o o
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The assumptions uron which equations (27) and (28) and
the data of tables II and IIT are based should be mentioned.
Thess assumptions are (1) thet the temperature of a fluid is
a linear function of lte heat load and (2) that hy 1s con-
stant throughout the heat exchanger. The first assumptlon
1s almost always Justified. (See equations (L) and (L0).)
For turbulent flow, the second assumption 1s Justified. For
laminar flow, however, the second assumption means that the
equations for { given in tkhis sectlon are 'strictly applicable
only when & (fig. 5) has a value low enough that hD/k 1is
independent of & and therefore 1lndepsndent of L.

PRESSURE LOSS

The flow of the coollng alr through heat exchangers 1s
accompanlied by losses in total pressure. These total-
pressure losses result principally from static-pressure losses
that are caused by friction and by the increased momentum of
the heated air, The loss in total pressure that is caused by
the abrupt expansion at the exit from a heat exchanger 1s
discussed iIn the sectlion on ducts.
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Friction Pressure lLoss

For both turbulent and laminer flow in straight passages,
the drop In statlic pressure caused by friction is glven by -
the equation

ve

= ye & & (29)

in which D is the hydraulic dilameter of the passage.
The quantity f 1in eyuation (29) i1s known as the fric-
tion factor. The value of f 18 a function of. the kind of

flow, the roughness of the surface, and the fluld propertles
and velocity.

For turbulent flow through smooth tubes, f 1s shown as
a function of Reynolds number in figure 13, which 1s taken

—

-
*

A

N\ r26

1
Laminar =
flow only |
circular pipes -

' b
N NEL D N DO
By

[<—Always T

laminar flow [ ) B - _ ‘ ‘“:Th
.001| [ L1 -

1022 4 71052 L 7w0M2 -4 71052 L 71002 L 7107
' Reynolds nwaber, R
Figure 13, - Friction factor f as a function of Reynélds
number R for laminar flow in circular tubes and turbulent

flow in smoéoth tubes with cross sections of any shape.
(From fig. 51 of reference 1.)
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from figure 51 of reference 1, The part of the curve that
applies to turbulent flow 1s based on many experiments with

"fubes with cross sections-of -various- shapes. For Reynolds

numbers between 5000 and 200,000, the curve of figure 13 1s
glven by the following equation, also taken from reference 1l

_ C.0L6
:_f— rO.2 . (30)

For turbulent flow through smooth straight passages over a
wlde range of Reynolds numbers, the statlic-pressure drop due
to ‘friction can therefore be.calculated by the equation: ’

App = 0.092 pV2 5-3-0-2 (31)

Problem:

Caloulate the friction pressure drop in a tube, 1/l inch
In dlameter and 2 feet long, thrcugh which alr 1s flowing at -
100 feet por secord. The average fluid propertlies 1in the
tube are those of standard sea-level condlilons,

Solution:
From appendix B and figure 67, the fluld properties are

p = 0.002378 alug/cu ft
= 3.7%3 x 10~7 slug/ft/sec

The Reynolds nuriber is

£VD
M

-0.002378 x 100
L8 x 3,73 x 10~

R =

1

= 13,300

By:equation (31),

- 2L 1
Apg = 0.092 PVE | —5=5

_ 0.092 x 0.002578 x 104 x 2 x- 1,8
(13300)0.2

= 31.} 1b/§q £t
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For laminar flow through smooth stralght passages, the
value of the friction facter f 1Iin equation (29) is

r=gd (32)

For laminar flow, equation (29) therefore becomes

Apg = 2 C3uV 5 (33)

The celculated values of Cz for passages with cross sec- .
tions of various shapes are”’shown in figure 1l, which is
taken from reference 9. These theoretical values of C3
are well supported by experimental data (reference 1).

For the flow of eir across banks of circular tubes, the
statlc-pressure drop is glven by

, .
apg = bt mAp)rg_ _- (3L

where L 1s the length of the tube benk In the dlrection of
flow and I/mp - 1s the number of tubes.on which a particle.of

iluld can Jmp? ge as 1t Iflows through the bank, that 1s, the
rumber of contractlons and expansions.

Ezperimentul determinatlons of the valves of f can be
correleted by the edquatlon

c

£ = RO;15 (325)

The valus of C), depends on the spaclng and the arrangement
of the tabe~, that is, on the ratlos mp/D and my/D and
on whether ine tubes ure staggered or in 1line. The values
of C); as a functlon of spacing have been taken from the
data of refersnce 2 and sare glven In flpgure 15 for the in-
line tubes znd in figure 16 for the stagzered tubes. The
data of figuves 15 and 16 are applicable only when the tube
bank is 'at lsast 10 rows deep; they are most nearly accurate
for & Reynolds number of 8000 and, for most purposes, are
sufficlently accurate over a falrly wide renge of Reynolds
numbers.,
Problem: ) .

Find the pressure drop &across & bank of tubes 0,5 inch,
in diemeter, The tubes are in line with m? = 1,0 inch and
mn = 0.75 inch; the bank 1s 2 feet deep, Alr flowlng across
the bank has the following average propertles:
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p.=L x 10~7 slug/ft-sec
- "Pp = 0.002 " slug/cu £t
V = 50 ft/sec
4 I . — T T
Parallel plates
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- Proportionality constant C
in ducts of various cross-sectlonal sh&pes.
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for laminar flow

(Data from
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Figure 15. - Constant C); as a function of tube spacing -
flow of alr scross in-line tubes, (Data from reference 2,)

Solutlon:
@ Reynolds number is

o _ PVD
R ®
- _0.002 x 50
2 x I x 1077
= 10,00
P

=15

From flgure 15,
Ch = 0.13
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The frioction factor thén 1s

¢ - -
= EU%T;

_0.13
3.33
_ = 0.039
By equation (3lL), |
App = 21 %; pve
=2 x 0,039 x 0_275 x 12 X 0,002 x 2500

12.5 1b/sq ft

T | el
bl I - F &L O
IR =S N

o e \gﬁ__‘&
3 = = m,/D=1.50

\\_
2 2.00
o1 -
0!~ i ~L
1.0 1.2 1.} 1.6 1.8 2,0 2.2 2., 2.6 2.8 3.0

FPigure 16. - Conatant C as a function of tube spacing -
flow of air across staggered tubes. {Data from reference 2.)




Momentum-Increase Pressure Loss

When heat la added to the cooling alr that 1s flowlng
through a tubs of constant croas-sectional area, the denslty
of the alr 1s decreased and lts veloclty 1s increased, Be-
cause of the increase in velgcity, the momentum of the fluild,
which 1s proportional to 1s increased. The increase
in momentum is accompanied by a drop 1n static nressure, the.

magnltude of which is given by
Apm = F V) (V2 - V1)
= paVz (V2 - V1)
=2 (qp - q;) - (36)

(For ‘the derivation of equation (36), see the derivation of
equation §%6) in the following section entitled "Energy

Balances.

ENERGY BALANCES

In the present ssction, the energy equatlons that govern
fluld flow are given. In a subsequent section, these rela-
tions wlll be used in the calculation of the power cost of

operatlon of heat exchangers,

The following dlscusslon applles to steady-flow conditlions
through some such general arrangement as that shown in figure 17,

Pigure 17, - Schematlc representation of heat exchanger in duct,
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which represents a heat exchanger installed in a duct. At
station 0, free-stream condltlons exist, Station 1 is
taken just within the heat-exchanger entrance and station 2,
Just within the heat-exchanger exit. Station 3 1s at the
exit of the duect.

Total Energy Balénce

. Consideration can be reatrlicted to the total energy of
1 pound welght of rfluid. A useful energy-balance equation
" can be developed for unit weight of fluld in terms of its
properties at astations 1 and 2.

* The total energy of unit welght of fluld at any station
is 1ts internal or intrinsic energy plus its kinetic energy.
The total energy of unlt weight at statlion 2 equals its
total energy at station 1 plus the external work done on it
plus the heat energy gliven to it; therefore, '

v2 V12 '

Jus + 2: = J0L g+ d ¥ *+ Ve (37)

(Equation (37) ls exact for a uniform velocity distributiecn,
that 1s, for V constant across the tube cross section.
For the veloclty distribution of turbulent flow in circular
tubes, the kine;ic energy 1is about 5 percent to 10 percent
greater than V</2g, where V 1s the average velocity at
the eross sectilon. Tor the veloclty distribution of lami-
nar flow Iin clrcular tubes, the kinetlc energy 1s twice
V2/2g.) If there is no pump, fan, or turbine between
-stations 1 and 2, Wg 18 composed of two parts: The work
done on unit weight as i1t 1s pushed past station 1 by the
fluld behind 1t and the work done by unit weiglit in passing
station 2 on the fluld ahead of 1t; that is, :

p Y ]
W = 24 . 22
® " &py B8P _ . 58
Therefore,
V¢  pp - v;2 Py

H
TWetzg *en 1t T TN (39)
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The difference in internal energy at the two stations
1s deflined by the equatlon

P P '
J(U1-02)+-8-p—311-3p—§=.rcp (T - Tp)

'Equation (%29) can therefore be written as
2 V-2

2 - 1 H
JOPT2+EE-J°PT1+§—+JW (,.I.O)

g -
The'geperal gas law

pv = & = RE
and the relatlon
R=J (cp - cy)

can be used 1an equation (LO) to obtain the equation

Vg2 2
_x___a =Y _ P ¥N° H
Y - 92.2 Y-lpl_+2+5JW (h1)

Equation (l;1) 1s the equation for total energy balance
and 1s one form of expression of Bernoulll'!'s well-known
theorem of the conservation of energy. Iquation (L1) is
applicable 1n all cases of fluld flow except those in which
the veloclty distribution 1s not constant over a cross sec-
tion, there 1s & pump or a turbline in the system, and the
genercal gas law does not hold. It is applicable, for exampls,
when gradual or abrupt changes in cross-sectlonal area oceur
between statlions 1 and 2. :

For alr, equation (L1) simplifies to

P
7§.§_+V22=7%+v12+(5x10h)% (L2)

Mechanical Energy Bsaslance

A useful energy-halance equation can also be written In
terms of the mechanlical esnergles involved. The mechanical
energy lost per.unit weight of fluld by friction - that 1sa,
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the mechanical energy which 1s converted into heat -~ 1is
called ¥. The total meéhdanicdl work Wp done by the
fluid on 1tself and 1ts surroundings ls then given by

@ = -aF + 2 a(3)

Also, the familiar equation of thermodynamics relating
Internal energy, heat received, and mechanical work done is

awy = 7 aff) - 7 av

Jdu+gd(%)-.rd(%)=tm

Equation (39) can be differentiated to glve

B ofl) _ 5 4fE) - =dp _ ¥V av
7 av + £ a(3) Jd(w) -

From the laast two equations, therefore,

Therefors,

%g+l-89‘—’+dF=o (43)

Equation (43) 1s the mechdnical-energy-balance form of
Bernoulll's theorem,

Under most clrcumstances, the exact integration of
equation (43) is not possible. Consider, for example, the
equatlon

Vo2 - V.2
f%g,,_L:‘_;_,,F:o (L)

The quantity p generally 1s an unknown function of p and
the first term in equation (ljl}) cannot be evaluated. The
Integration can be carried out for some specilal cases, For
incompressible flulds, for example, P is constant. Also,
for the lsothermal flow of compressible fluilds, p . is propor-
tional to p. )

In the géneral case of, compresslible flulds, an approxl-
mate solutlon 1s 5
Pp - P  Vp& - V32
= + —= + P =0
=5 55 (45)
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For passages of constant 'cross-sectional area,
PV = Consastant

and equation {Li3) can be mmiltiplied through by gp and
Integrated to glve

P2 - Py + PV (Va - V1) + 8pp =0 (L6)
Fquation (l;6) cen be written
Py - P> = Ap = App + Ape _
The equatlon is exact but, 1n general, Agf cannot be calcu-

lated exactly because the variation of with L 1in the
following equatlion is not knowa:

=20V fL
—P—D ‘/;deL

An approximete Integration 1s

2rpv VL (47)

App =
o D

The value of ¥V may be taken as !l.%.!g.

Adlebatic-Flow Equations

Equation {(Li0) can be &applied to the flow between sta-
tions 0 and 1 of flgure 17. Thls flow 1s adiabatic, that 1s,

E=0
Equation (L0) then becomes
. Ty =T +.VO _ Vla ' 8
17 To g s (L8)

This relatlion 1is used to celculate the temperature at sta-
tion 1. Yer air,

Ty =T + Qiﬁ 2 (Vo2 - Vla) -(h9)
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If losses. - in total pressure that may occur between
stations 0 and 1 are neglected, the adiabatic relation -

L = constant
pY

holds, and it can be shown that the pressure and the denslty
at station 1 are glven by

Ty Pll—l _f P1\Y-1
T = (po Y —('p%) (50)

Expressidns for Total Pressure

Tlhie total pressure in a stream 1s defined as the static
pressure that would exist if the stream were brought to rest,
that 1s, the statlc pressure at a stagnation point. It can
be shown (reference 10; thal, in a coumpressible fluid, the
total pressure l1ls givon by

- - 1 pve —117_
H P (1 + LZ-Y_- p) (51)
For air, equation (51) becomes

p(l;o.af‘lz-'z"s'
)

D [1 + 0.2 (%)2]3'5 (52)

where the veloclty of sound ¢ =vE§?:

H

POWER COST

An approximate calculation of the power cost of a heat
exchanger can be made by rather simple approximation formumlas,
The net power cost can be considered the sum of the power
used in forcing the cooling alr through the exchanger and the
power used in transporting the welght of the exchanger minus
the thrust power that 1s recovered from the heated cooling
air, Simple approximation formulas can be used to calculate
the cooling-ailr pumping power and the thrust power,
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An exact determination of the power cost of a heat
exchanger can be made by adding the cost of transporting the
welght of the exchanger and the power expended in changilng
the momentum of the cooling air; the power expended in
changing the momentum of the cooling air 1s

P = g Vo (Vo - V3) (53)

A rather complicated but exact method of finding V3 ‘is
explained later.

The form drag of a heat-exchanger installation is not
consldered 1n the present discusslon.

As In the precedling section, the formulas that are glven
herein for calculsatlon of power cost are stated in terms of
the condltions that exist at the stations 0 to 3 of figure 17.

Approximate Calculatlon of Power Cost

Cooling-ailr pumping power, = The power expended in
pumping the cooling air between statlons 1 and 2 is

~E(Ph D2
Pc - 8<pl = p2 (5’4—)

Although thls expression is exact, it 1s a 1ittle -too
unwleldly for general use. It is more convenlent to use
the approximete expression _ ’
Po = Q (pp - Pa)
* Qe (55)
" where Q 1s the average volume rate of flow, The value of

'@ can be calculated I'rom the average density or the average
velocity

Qz-;-%wAv

Welght-carrying power. - The power expenditure required
to: transport the velight of a heat exchanger 1s

By = € %% PRVVy .- . (56)
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The.-product pPgrv-- 18 the weight of the exchanger. The
quantity € 1s a fuctor that takes account of the welght of
the mounting required by the exchangsr. Experlence has
shown that € generally has the approximate value l.5.

Scoop-draf Eower. - For some installatlons, as when an
exchanger Is wholly or partly installed in an externsl acoop
or duct, 1t may be desirable to take Into account the drag
that 1s assoclated with the frontal area of the acoop, The
drag power of a scoop 1s glven by

Pg = CDsquOAB

If the scoop i well designed (see sectlon entitled "The.
Cooling-Air Entrance"), the drag coefficlent Cp, based on
the projected frontal area has a value of about 8.06. (See
fie. 41 and reference 11.)

Converslion of heat energy into thrust power. - A part
of the ne&at energy Lhat is translerred to the alr between
statlons 1 and 2 (fig. 17) can be ccnverted into tlhrust
power, Formulas for the appnroximate calculation of the
recovered thrust nower ure glven in the present section.’

One of the therrodvnamle processes by which heat energy
18 tranaformed into mechanical energy 1s known as the Joule
cycle, In traversing this cycle, the working substance
goes through the following stages: adlabvatlec compression;
addition of heat at constant pressure; adlabatic isentropilc
expansion; return, at conatant pressure, to initiul conditions,
The cycle 1s reprasented by the path ABCDA in figure 138. A
somewhat simllar cycle 1s traversed by the cooling air that
flows through the arrangement deplcted in figure 17. There
1s an adisbatiec compression of the  alr between stations O
and 1, Heat 1s transferred to the alr between statlons 1
and 2. The eir expands adliabatlcally between stations 2
and 3., After passing station 3, the alr returns to origlnal
free~-stream condlitlions of temperature and density.

The rate W &t which mechanical energy 1s recoverable
from the heat Input in the ldeal cycle ABCDA 1s

w sl (3 Y]

6
=JH( T°+h°) (57)

1
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v

Figure 18, -~ Diagram of p against v for Joule cycle,

Three assumptions that were used 1n the derlvation of
equation (57), which are not exactly true in practice, cause
~the rate of recoverable mechanlcal energy in the actual
cycle to be less than In the ldeal cycle, One of these
assumptions 1s that H 1s given by equation (l}). Actually,
equation (L4O) should be used. Another assumption 1s that
the heat 1s transferred to the alr at constant pressuré, .
Actually, there 1s a fall in pressure between stations 1 and
2 and the actual path traversed during the cycle 1s somewhat
as shown by ABC'DA in figure 18, A more nearly accurate
value of W can be obtained by using in equation (57) the
average of p and po, instead of p,, The third assump-
tion is that %he expansion between sta%ions 2 and 3 1s
lsentroplc, In the actual case, thlis expansion entalls a.
loss in total pressure, -
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In order to obtaln an expression for the thrust power
that is obtained from the heat input, the quantlity W

© (equation -(57)) must--bc maltipliod by the sefficiency of con-

version of mechanical energy 1lnto thrust energy. Thés effi-
Vo

Vo + V
clency 1s —géva—i if Vz 1s less than Vp and va—:-vg

" if Vz 1s greater than Vp.

According to equation (57), the efficiency of the Joule
cycle W/JH depends on AT, the rise in air temperature be-
tween the free stream and the heat-exchanger entrance,
because

Ty = T + AT

By equatilon (49), AT 1a proportional to the difference of
the squares of the froe-stream veloclty and the veloclity in
the hest-exchanger entrance and

- 0,832 2 2
AT = v -V
ok (Vo 1<)
The efflcliency of the cycle accordingly is quite small unless
Vo 1s large Yof the order of 600 fps or more) and Vj 1is
much smaller, At 1low altitudes where Vp 1s small, there-
fore, the mechanical power obtained by conversion of the

heat input 1s qulte smell.

It might be expected that the efficlency of the cycle
18 nighest at highest altitudes wheroe Vg 1s largest (if
it is assumed that the critical altitude is not exceeded).
That thls fact 18 not necessarily true can be shown as
follows: Conslider the lsothermal reglon of the atmosphere
In which Tgp 1is constant. At rirst, as_the altiltude of
flight is incremsed, Vg, the gquantity Vg2 - V14, and the
efficiency W/JH increase., As the altitude Increases
further, however, the heat exchanger may become unable to
perform the necessary heat transfer unless V; Iincreases
rapidly. ° In that case, although Vg increases, Vg2 - V12
and the efficlency decrease. These effects are shown in
figure 19, which 1s teken from figure 20 of reference 1l2.

Exact Calculation of Power Cost
If the wvelocity of the cooling air at the exit from

the duct Vz 1s known, the net cost of cooling (exclusive
of the weiggt-carrying power) can be calculated by the
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Figure 19. - Thrust horsepower recovered from cooling elr in
percent of englne breke horsepower as a function of alti-
tude for the alrplane consldered 1in reference 1l2. (From
fig. 20 of reference 12.)

equation

P =12 Vo (Vo - V3) (53)

Two methods of finding Vz are given here, The first
consists of statlon-to-station”calculations. The second
can be used when the loss in total pressure across the entlre
system, that 1s, between statlons 0 and 3, 1s known.

By the first method, the wvalue of Vz 1s obtailned by
first calculating the conditions at station 1 from those at
statlion 0, then the conditions at statlion 2 from those at
station 1, end finally the conditions at station 3 from those
at station 2. The equatlons that are needed in the calcula-
tions have already been given !n the section entitled "Energy
Balances.! The method A calculation 1s illustrated by the
following example (see also reference 1l3), which 1s simpli-
fied by assuming values for certsln quantities.

Assume that the heat exchanger (fig. 17) has an open
frontal area Aj; of 1.8 square feet, that it dilssipates heat
. at the rate H of 35% Btu per second, that 1t requires a
welght rate of flow W of 1.3l pounds per second, and that
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the friction pressure drop Aps in the exchanger 1s 36
pounds per square foot. Assume that the alrplane 1la flylng
at 600 feet per second at an altltude of 25,000 feet in
NACA standerd atmosphere.

Conditlons at station 1., -~ The value of V can be
found by a sImulfaneous solution of equations (49), (50),
and the equation :

W = gApV

The wvelues of fl, p1, and P37 &are obtalned from equations
(49) and (50). "~ The values are given in table IV,

TABLE IV. - VALUES OF QUANTITIES USED IN EXAMPLE

. v p D T A
Statlon | (pps) | (slug/cu £t) | (1b/sq ft) | (OF abs.) |(eq £t)
0 €00 0.00106 8 le ————
1 200 .00123 362 ﬁég 1.8
2 258 .000960 916 55 1.8
3 594 .000860 785 5x2 .87

Conditions at station 2. - The values of the variables
at stetion 2 can be ovtalned by a sirmultaneous sclution of
equations (Lj2) and ([;6) end the equation of continuity

P1Vi1Ay = PaVaAn ' (58)

in which A7 = Ap. . The solutlon of these equations gives,
for the conditions at station 2, the values shown in
table IV, ’

Conditions at station 3. - The static pressure at sta-
tion 4 1s very nearly the static pressure that exlsts outside
the duct in the reglon of station 3. If flaps are not used
at the exlt, the pressure there 1s practically free-stream
pressure. If p 1s substituted for pz, the exlt velocity,
temperature, and density can be calculatea from the equations
for adiabatic changes (equations (1,9) and (50))

Tz = T + Qiggg (V22 - v32) (L9)

B ETE e

and
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The values are as glven in table IV, As was polnted out in
reference 135, esllide-rule calculatlions are not sufficlently
accurate for a satvisfactory determlnation of V3 from the
two preceding equations.

As soon as the value of V3 1s known, the net power
:08t of the heat exchanger (exclusive of the welght-carrying
power) 1s easily obtalined from

P=2Vo (Vo - Vs) (53)

332 x 600 x (600 - 596)

= 1070 f5-1b/sec

Slmpliflied calculation of power cost. - A single equa-
tion can be developed that wlll give the power cost of the
heat exchanger, provided that the loss in total pressure
between stations O and 3 is known. Equation (41), the
energy-balance equeitlon, can te-applied betwsen stations O
and 3 to gilve :

v=2 p Vo2 p
o,y _3_0 . _y¥ 0 H
oty -1 Pz = 2 *Y-I% +Je§ (59)

The ratio p3/p2 can be eliminated as follows: The total
1o

pressure at sta n 3 1s equal to the stagnation pressure
that would exlst if the fluld were brought to rest and is
glven by equation (51) as

2y P3
Then,
2
5=T£1 V31
95 Y EY;
P; -1

By substituting thils expression for p;/p in equation (59)
and simplifying, an expresslon for V3 18 obtalned in the
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vz2 (V@ ¥ Po " pz\Y=1 |

The equatlon 1s.easlly modiflied to read

1- .
Vg - V : 1 -
L.l:l_(1+—i_-+gﬂg 1-(%2)3.5.2 (61)

form

Vo 0.2Mg% Vp® W,
For P3 there can bhe used kppo, where

kp = Py

If flaps are not used at the exit, the pressure coefficient
kp has a value very close to unity. If the loss 1n total
pressure AH 1s known, Hz can be found as

Hs = Hp - AH
and equation (61} can be used with equation (53)
W .
P=g Vo (Vg - V5) (53)
to find the power cost.

APPLICATIONS TO DESIGN

The informatlon necessary for calculating rate of heat
transfer, pressure drop, and power cost for varlous designs
has been presented. A number of questions arlsing from
application of thils Informatlon to the design of heat
exchangers remain to be dlscussed.

- e sv«o - - Silze of Passages

The pressure drop avallable for a heat exchanger 1la
frequently none too large, especially at high altitudes,

_The pressure drop required by a heat exchanger can be reduced,

for a given rate of heat transfer, by Iincreasing the amount
of surface area S and decreasing the velocity V and the
heat-transfer coefficient h, Pressure drop 1s proportional
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to V1'8. The quantity H 1s proportional to SVO'B. If,
therefore, V 1s reduged end S 1s increased sufficlently
for the product SVO0.0 - to remain ‘constant, a relatively
large reduction in V1.8 and in pressure drop follows.
Furthermore, the installatlion space available on airplanes
for heat exchangers is usually rather limited and difficulty
in fitting a heat exchanger Iinto the avalleble space 1s
frequently experilenced. A good design of heat exchanger
‘consequently 1s one Iln which much heat-transfer surface area
1s crowded into a smell volume. Fluld passages should be
made &s small a3 posslble, provided that the requirements aof
mechanical strength can be met and flow in the turbulent or
the transition reglon can be obtaineéd.

Tube Spaclng and Arrangement

A good method of comparing various desligns 1s by means
of plots of heat-transfer coefflclilent against pumplng power . |
cost per unlt heat-transfer surface area, (See reference 1l.)
Figures 29 and 30 of reference 1ll, which are based on the
tests reported 1n reference 15, are revroduced herein with .
some slight modifications as figures 20 to 23, . In figures 20
to 23, heat-transfer coefficlent h 1s shown as a function
of pumping power cogt per unit surface area times the square
of the density P,p=/S for flow acrcss staggered and in-line
tube banks. These flgures show clearly that the smallest
practicable tube spacing both In the direction parallel to
the alr flow and in the direction perpendlcular to the alr
flow results in the smallest power cost for a glven value of
heat-transfer coefiiclent. This result is true for both
the staggered and the in-line tubes. Plgures 20 to 23 also
show that, for given values of the spacling factors and for a
given value of heat-transfer coefflclent, the in-line
arrangement results in slightly lower values of power cost
than the staggered arrangement.

Comparison of Flow across Tubes with Flow through Tubes

A comparison of the plots of heat-transfer coefficlent
against power cost per unit surface area (figs, 20 to 23) for
flow across banks of circular tubes (solid lines) and for
flow inside smooth tubes (broken lines) shows that flow
across tubes 1is more economlcal than flow through tubes;
that 1s, for a given value of heat-transfer coefficient, the
pumping power 13 less for flow across tube banks than for
flow through tubes, except at extremely high values of
Reynolds number, In the plots for flow through tubes, two

—
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Figgre 20, - Efgiciency of heat transfer - heat-transfer

efficient

as a function of spacing factor mp/D and

of pumping power per unit surface area times the square of
the density. Flow of alr across staggered tubes und flow

through tubes. (From fig. 30 of reference 1ll.)

values of the parameter D/ are used. The value of D/u
of 58,000 corresponds to a tube diemeter of 0.26 inch for

the standapd sea-level coefficlent of viscosity pu of

% .73 x 10~{ slug per foot per second. The value of D/u

of 40,000 corresponds, for the same value of pu, to a tube

diemeter of 0.18 inch.

Choice of Fluid-Surface Comblnatlon

If the two surfaces of a hsat exchanger differ 1n
arrangement or amount (as,. for example, wnen one fluid flows
through the tubes and the other flows across the tubes or

2
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when only one surface 1s finned), the questlon of which fluld
should flcw across which surface arlses. For glven values
of S3 and Sp, the over-all thermal resistance 1/hySy,
which 1s gilven by

1 1 1

htSg  h181 | BpSp (23)

13 a minimum when the thermal resistances on both sides are
equal. From conslderations of economlcal heat transfer,
therefore, the question of which fluld should go with which
surface ls answered by so making the cholce that hjS; 1s
more nearly equal to hpSp. .
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coefficlent .h as & functlon of spacing factor mp/D and
of pumping power per unit surface area times the square of
the denslty. Flow of alr across In-line tubes and flow
through tubes. (Frcm filg. 30 of reference 1l.)

From mechanlcal considerations, the tube-~wall thickness
can be smaller and the shell can be lighter, and the welght
of the exchangser consequently can be less, 1f the high-~ °
pressure fluid is inside and <€he low-pressure fluid 1is outaide
the tubes. .

Comparlson of Counterflow wlth Crossflow

As has been polnted out for the same condltions of
welght rate of flow, the over-all mean temperature differ-
ence { 1s greater for counterflow than for crossflow. The
counterflow Ilntercooler has often been consldered for use in
alrplanes. In the following dlscussion, however, 1t 1is
shown that the counterflow arrangement 1s not so advantageous
as 1s frequently belleved. .
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the denslty. Flow of air across in-llne tubes and flow
through tubes. (From flg. 29 of reference 1l.)

Table III shows the values of the ratlo of { for cross-
flow to ! ror counterflow lor variosus values of the hot-
fluild temperature drop ¢& and the cold-fluld temperature
rise . The value of the ratlo 1s quite low for high values
of & &nd . Consider, however, the case of high-altitude
intercoolers, At hlgh altitudes where much supercharging 1s
necessary, & 1s large. On the other hand, for the efficlent
operatlon of high-altlitude interconlers, the ratlo W¢/We
mist be relatively large in order for t to be large and n,
as glven by the equation

We £=We
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must therefore be small, Inspection of table III shows
that, for large  &-.and-small -, the value of { for
counterflow is only a small percentage greater than the
value of { for crossflow. . It would be & mistake to desilgn
a counterflow intercooler for large & and large 7 in
order to take advantage of the large dlifference that would
then exlst between the counterflow ¢ and the crossflow ¢.
For large & -and large T, the value of { for boih
counterflow and crossflow 1s mch smaller than 1ts value for
large & and smell 7 and more surface area would be re-
quired for the small ¢ for a given rakte of heat disslipa-
tion H. These facts are illustrated by figure 2l;, which

.6
N i
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¢ \F\ -
-3' \\\
Crosaflow A
.2
N
.l
0
o .1 .2 .3 4 5 6 .7 .8 9
| [ 1 i T,
| P { |
®» 7 L 3 2 1.5 1.0 .78
wc/we

Figure 2lj. - Comparison of mean .temperature difference in
counterf'low and crossflow, { as a function of n;

g = 0.7.

is drawn for a value of & of 0.7, which 1s necessary at an
altitude of about 35,000 feet. Flgure 2l shows that, at
large values of 1, counterflow glves a large percentage
Incresse over crossflow in the over-all temperature differ-
ence . For small values of ' mn, however, the percentage
increase 1s small.
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Another factor to be conaldered 1s that the manifolding
necessary with a counterflow unit (see fig. 25) must contailn
much heat-transfer surface area and that the flow acroass this
surface area ls very nearly crossflow,

Flgure 25. - Counterflow heat exchanger and ducting, showing
crossflow 1n ducting.

Mechanlcal Consldersations

One of the most lmportant problems connected with the
development of heat-transfer apparatus 1s the economical
production of exchangers that are free from the tendency
toward structurel and leakage fallures. Vibratlion usually
Imposes e severe strain on heat exchangers. The differences
in the efflclency of heat transfer for different designs is
small, and these differences are negligible 1f there are
important differences in mechanical reliability. There have
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been innumerable atteripts, nevertheless, to obtaln large
increases in éfficiéncy by the use of new tube shapes and
novel assembly arrangements. Unless these new shapes and
arrangements result in smaller tube dlameters, more substan-
tial construction, or more economlcal mamufacture, they can
have little advantage over the shapes and arrangements in
current use. ' : ’

It would be desiraeble in many instances to use rather
long tubes. Long tubes, because of vibratlon, must be .
supported. The use of long tubes introduces a manufacturing
hardship, however, that tends to keep heat-exchanger tubes
short. Vibration difflculties are rnore serious when the
tubes are filled with liquid than when the liquid 1s outside
the tubes and the cooling alr inside,

For coolant radiators, hexagonal tubes would be desirable
on the basis of ratio of open to total frontal area but are
probably unsuliltable because of tendency to failure under
vibration.

011 coolers of %the proper shape (rectangular) to fit
the avellable space on an airplane would be desirable fron
installatlon conslderations. Such couolers, however, would
have to be excesalvely heavy to avold fallure under high oil
pressure, 011l coolers therefore are usually of circular
cross section.

In spite ol the well-recognized advanteges of small
tube diameter, tubes smaller than 0.25 inch are rarely used
because of the problem of assembly and because of the problem
of reducing the tube-wall thickness in proportion to the
reduction in dlameter.

01l Coolers

The deslgn of o0ll coolers is at present well standardized
with respect to dimensions. Clircular coolers are produced
in a number of dlameters. Tube length, dliameter, and spacing
are limlited to a few values. The cooling alr flows through
the tubes and the oll flows across the tubes. Baffles are
used in the oll passages. The different baffles used by
different manufacturers result in somewhat different hLeat-
transfer performances, particularly at low cooling-alr inlet
temperatures for which the influence of baffle arrangement
on the tendency of the oll to congeal 1is particularly strong.
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At present, the principdal problem conmected with oll
coolers 1s the problem of congealing. 0il is so highly
viscous, compered with the flulds used in radlators and
intercoolers, that the oll flow is probably always laminar,
whereas the flow of glycol and air 1s almost always turbulent.
When the inlet temperature of the cooling alr is low, the,
laminae of oll next to the coollng surface become cooled to
such an extent that thelr coefficlent of viscosity rises to
a2 mach higher velue than that of lamlnas farther from the
surface. The veloclty of the cold oil is reduced, and the
cold oll remains longer in contact with the tube surface and
probably assumes a temperature closes to that of the tube wall,
The result is that the passageways eventually become clogged
with cold or congealed oll and the cooler ceases to functlon.
The deslgn of oll cvolers that ure not subject to the tendency
of the oll to congeal at high altitudes (low cooling-air
temperatures) 1s a problem that has not yet boen solved.

Because the flow ol o1l 1n cooslers is laminar and because *
of the varlous effects of the baffle arrangements used by
different nanufacturers, llttle progress hes been made 1n
correlating the heat transfer on the oil slide.
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ITI-SELECTION

Part I has dealt principally with the internal design
of heat exchangers and the effect of internal design on -rate
of heat transfer, pressure drop, and power coat. ~ The next
problem that confronts a heat-transfer engineer 1ls the ques-
tion of sclectlon; that is, after the Internal geometry of
a heat exchanger has been chosen, what external dlimensions
and what cooling-alr flow rate should be selected? These
quantities should be so selected

(1) that the heat exchanger will be capable of the re-
qulred rete of heat dissipatlion

(2) that tke cooling-elr pressure drop necessary to
effect the required heat dissipetion will not
exceed the gahunt availlable

(3) that none of the dimensions will exceed the limits
set by the installation space availlable on tho
airplane

(l}) that the power consumption of the heat exchanger will
not be oxcesslvely greater thun the loweat power
consumption attainable by use cf dimensions ol the
proper proportlions .

(5) that tke uallowable englne-air nressure drop (1f the
exchunger 1s en interconler) is not exceeded

It 1s generally possible to calculate, from the equa-
tions of pert I, the solutlion to the problem of seloctlion. .
The calculatlone are unusually tedious, however, particularly
In view of the fact that a number of trlals 1s always neces-
sary to find a heat exchanger that satisfles all the require-
ments, A very much more satlsfactory method of selectlon
is by a chart. Two generel types of chart have been devised
that might be termed performance charts and selection charts.
The present section is a consideratlon of such charts and
their use 1ln aslecting coolant radlators, eilr interccolers,
end oll coolers.

SELECTION OF RADIATORS

Most coolant radlators are so constructed that the
cooling air flows through smooth- tubes and the coolant flows
across and around the tubes. The equations that describe
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the performance of such radlators have already been dlscussed
and are restated hereinafter (equations (62), (19), and (31)).
The problem of selection of radlators consists in finding
values for the five varlables Pt, Q, Ap, v, and L that
satlsfy these tlires equations and the requlrements Jjust llsted.
This problem may be solved convenlently by use of a generasllzed
selection chart that shows the relations esmong the variables
for any glven set of operating condltions. Such a selection
chart is presented in reference 16. A resume” of the deriva-
tion of the chart and an example of its use are given 1n the
following paragraphs, .

The power cost of a radlator 1s _
Cp
Py = Q Ap + €% PR Vo Vv (62)

(See equations (55) and (56).) The rate of heat dissipation
1s )

H =W cp ATy (1 - e-°-1R'°'2-1%> (19)
The pressure drop 1s
ap = 0.092 pv2 § R~0.2 (31)
Fron equations (62), (19), and (31) and the equation
- L = %

where v 1is the oven volume of ths heat exchanger and A 1is
the opren frontal area of the heat exchanger, the following
relatlons can be derived:

2

Ap' + (%—;- - 1)7 loge (1 -"ITA-%'—VT) =0 (63)
Ap! - (g;)g (}oée 1 )% = 0 (6l)
v 1 - % .
- - » W '
Ap! A'(A'v't'\'}!')%3 ) 1 %_
Ap! - 77 ¢ -loge| 1 - ¥ =0 (65)
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: The variables used in equations (63) to (65) are defined
__py_tpe relations

vt = v Kl? KZ

PVg :
P! = Pt 1_{12'_12
At = a K119E K5 Ry0:2 D
. ,-I-C]_
I Re0+2 D
-' Lc1 Vo
where -
C = ‘%?JPR Vo
Cy = 0.023

_ Lheypvgd
X1 = CDrRO.2
Cecpg (Tw - T1)
- P W
e Vo= H

These primed variables, as related by equations (63) to
(65), were plotted to obtaln a selection chart (fig. 26,
which is taken from fig. 1 of reference 16). This chart
glves the general solutlions of these equations. Each point
on the chart represents a radlator, Because of the general-
1zed form of the varlables, the chart can be used for any set
of operating conditlions. All the quantitles that are func-
tions of the operating conditlons, such as the character-
lstics and the performance of the alrplane, the-altitude of
operatlon, the rate of heat disslpation, and the tube dlameter,
are taken care of in the constants In the deflnitions of the
primed varlables.
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The nse of the chart is not difficult. One of the
varliables may be chosen in advance, (If two varilables are
chosen, the radlator 1s completely determined and all
variables are [ixed.) Either the preéssureé drop or the
frontal area 1s ususlly selected In advance. For example,
suppose the pressure drop Ap 1s chosen. Accordingly,
Ap! 1s a known fixed quantity. The point on the chart
that represents the radiator having the given pressure drop
-may be chosen anywhere on the vertlcal line that has the
proper value of Ap'. It 1s easy to locate the point on
thia line that represents the radlator of minimum power
consumption or the point that rerresents the radiator of
minimum frontal area. Correspondingly, a value may flrst
be chosen for the frontal area A, Then any polnt on the
corresponding A' contour may be selected. The radlator of
mininum power may be found, or some other radilator that
represents a better compromise among radlator volume, pres-
sure drop, and volume rate of air flow may be chosen.

Before the use of theo chart In selecting a radlator 1s
1l1lustrated, a remark on altitude ias in order. The eltitude
for which the radiator should be chiosen 1s one of the factors
to be consldered, As the altitude of flight increases, the
decreasing density of the alr tends to make cooling more
difficult and the decreasing temperature of the air, up to
the lsothermal reglon; tends to make cooling less difficult.
The most difficult cooling case ordinarily is at the critical
altitvde. In order to obtala meximum alirplane speed, the
radlator rmust be selected for the high-speed flight condition
et the critical altitude. If the radiator 1s so chosen,
however, the case of full-power climb at the ecritical alti-
tude should be investigated to make sure that the pressure
drop rejulred by the radlator iz not greater than the pres-
sure drop avellable in climb,

In order to simplify and to systematize the calculations
Involved in selecting e radiator, selection forms have been
devised for uss in.conjunctlon with the selection chart,

The following example shows in detall how the forms and the
chart are msed. The procedure falls naturally into several
steps, as follows:

(1) Pi11 in radlator selection form 1.

In £111ing in thils form for the éx#mple, a typical set-
of operating condi%ions has been used.
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Radlator Selection Form 1

Quantity Symbol Value Unit
Heat dissipation H 5¢5 Btu/sec
Altitude 36,000 £t
Airplene speed Vo 678 £t/se0
Airplane drag-lift ratio Cp/C1, 009
Welight factor £ 1.5
1b/pu £t of
ISpeoifio weight of radiator Pr 90 opgn volume
Radiator tube diameter D 1/4-8 £t .
Temperature of air at altitude To -6 oF
Estimated adiabatic temperature rise 34.-3 op
Inlet temperature of air 4 -32.1 oF
Density of eir at altitude Po (0000704 slug/ou ft
Jstimated vercentage of density inorease 24 peroent;
Iniet density of eir p 0.0008°1!? slug/cu £t
Coefficient of visoosity of air 3,19 X /0'7 slug/:[‘t-sec
Radiator tube wall temperature
= ay, ccolant temperature T 290 °F
CD .
pVoD
— Rg 38 ) 600
RoO-2 §.28
0.098 p vg3
€D RV K1 /18.78
K15/7 8124
1 K19/ 14 65819
7+73 C(Tw = T1)
- K2 | 0.08/87
Ratio of open to totel frontal area
of radiator R 0,67
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(2) Using the data of form 1, £ill in the column "Value"
under "Constant" in form 2.

Radiator Selection Form 2

. . |Generalized
Constant varlable Variable
(e) '
Svmbol Value |Symbcl|Value|Symbol|Value Unit
10.2K1%12Ro°-2n 0.946 | At L7 | A A00 | 8 It
2
i
u_ 0.0203 | AP' | 0746| AD 2077 | 1b/sq ft
PVQZ
2.2
10 2{1-RoY D
1V" 0 0.00395| Q: L94| @ 48 5| cu ft/sec
0
; :
- 1 .
Ky Ep 0. h&5 v 1.40 v 2.3 cu £t
KigKg 807XIJ€ P! 258 P 35,670 £t-1b/sec
c

8Constant x variable.= generallzed varlable,
(3) Calculate the value of one of the generalized varisbles.

As stated before, one of the wvarlablos 1s usually chosen in
advance. The present example l1s worlked for a radlator that 1is
to have a total frontal area of 3 square fcet or an open frontal
area A- of 3fp = 2 squure feet. ¥ultiplication of this
value of A by the value of the proper constant (see first line
of selection form 2) gives 1,9 as the value of A!',

(L) Find the point on the selectlon chart that is to
represent the radlator. ’
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Any point on the line A' = 1,9 on the selection chart
can be selected as the point representing the radiator to be
selected, The values of the other radlator varlables willl
depend upon the point selected. It seems reasonable to
choose the point at which P' (and consequently P} is a
minimum, This point will, in general, be near the ninlwmum
value of Ap' (and of Ap). for A'!' = 1.6, the minimum P!
is 2.88. At the point determined by these values of A!
and P!, Ap! = 0.746, v' = 1.40, and Q' = 1.9L.

(5) Calculate the values of the radlator variables.

The values cf the generallzed varlables and of the con-
stants 1n selectlon Torm 2 are now known. From the rela-~
tions shown in form £, the values of Ap, Q, v, and Py can
be easlly calculated:

_Ap!
0.0203%

= 0.746_

0.0203

Ap =

= 36.8 1b/sq ft

j

% = 50039

_ 1.9l
0.00398

186 cu fi/sec

os}

vt

R
bitds

2,113 cu ft

. Open volume, v

Total volumé=-%L-
R

= 3.15 cublec feet
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_ p!
8.07.% 1072 ..

_ __2.88
§.07 x 1077

= 35,670 ft-1lb/sec

To the value of the frlotlon pressure drop Ap pre-
viously found should be added the pressure drop due to
momentum increase as glven by equation (36) and the end loss
a8 given by equation %68), whlch 1s given in part III. ’

The selection chart (fig. 26) was used to consatruct the
three-dimensional figures 27 and 28, which show the rela-
tions among the radlator varlables at two altitudes for a
pursult alrplanc and for a heat dlssipation rate of L7l Btu
per second. wigurea 27 und 28 should be of value in showing
how a chauge 1in the value of any one of the varlables affects
the valves of the others.

SELLCTION OF INTLRCOOLERS

Recaulse tlie density of the atmoaophere 1s a decressing
functlon of sltitude, supercharging is used at altitude to
compross the enzine air in order that englne power can be
maintuined at nr near lts sea-level value. A supercherger,
however, in compressing the alr, also raises 1ts temperature.,
The temperature of the alr mmust then be reduced in order to
increase 1its denslty and to prevent the dstonation that re-
sults from high alr temperatures. The reduction in tempera-
ture 1s accomplished by an 1lntercooler, which 1s simply a
heat exchanger in which both flulds are ailr.

Interrelations among Intercooler Varlables

The selection of a heat exchanger presupposes that the
deslgn -~ that 1s, the internal geometry - has been chosen,
that the rate of heat transfer which the heat exchanger must
give 1s known, and that the altitude for which the heat
exchanger is to be selected is known, The process of selec-
tlon, then, conslsts in determining the external dimensions
of the heat exchanger, For a glven rate or heat transfer,
these dimenslions determine the pressure drops, the welight
flow of cooling air, and the power cost of the exchanger,
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The selectlion of the dimensions must be so made that the five
requirements previously listed wlll be met. In addition to
beilng able to effect the required rate of heat transfer, the
cooling-alr pressure drop must not exceed that avallable,

the dlmenslons must not exceed the dimensions of the avallable
installation space, the engine-alr pressure drop must not
exceed the permlssible amount, and the power cost should not
be excesslve. : ’

The power cost P+ of an Intercooler ls taken as the )
cost of pumplng tle cocling elr snd the engine ailr through
the intercooler nlus the cost of transporting the weight of
the 1lntercooler; thus .

Py = Q¢ Ape + Q¢ Apg + Py

where
C
By = ¢ U% Prv V5 (56)

In selecting an intercooler to meet some of the fore-
golng requirements, i1t l1ls easy to obteln one that falls to
meet the othesr requlrementa. In ordsr to show how the dif-
ferent dimensione, the cooling-alr welght flow, the cooling-~
alr pressure drop, and the power cost affect one another,
flgure 29 has been prepared. Tlgure 29 was conatructed for
a pursult airplane witk 1675 norral engine horsepower
operating at an altitude of 36,000 feet. Tke figure shows
the three dimenslons, engine-air passage length Lg, coollng-
alr passage length L,, no-flow dlmension Lp, the intercoolier
volume v, and the power cost Pt as functions of thne ratioc
of cooling-air weight flow to engine-air weight flow Vig/We -
and the cooling-alr pressure drop Apc.

The coordinates W./We and Ap, chnsen as a base for
drawing figure 29 ere probably the most nearly baslc of the
quantities involved. The ratio W,/We determines the mean
temperature difference between the two fluids in the inter-
cooler., If We/We 1s small, the mean temperature differ-
ence 13 small and large surface area and large volume &are
required. (V¥ig. 12 shows 1/f{ as a function of the ratio
Wcawe- The dimenslionless quantity ¢ 1s the mean tempera-
ture dilfference 1n crossflow dlvided by the difference in
the inlet temperatures of the engine alr and the cooling alr.
In making the computations for flgure 29, a value of
g = 0.73 was used, where &. i1s the ratio of englne-air
temperature drop to the difference In the lnlet temperatures.)
The cooling-alir pressure drop 1s also Important because the
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Figure 29. - Concluded.

upper limit is usually known (as some fraction of the free-
stream dynamic pressure) and also becausé its value has a
strong effect on the power cost of the intercoocler.,

Much information can be obtained from a study of fig-
ure 29. Only a limited part of the possible range of
weilght-flow ratio and cooling-alr pressure drop is shown.

In fact, most of the "bad" region is not shown, The lowest
value of Wy/We wused in the figure is unity. As previously
stated, the value of W./We determines the mean temperature
difference between the engine air and the cooling air, For
values of WeMg less than unity, the temperature difference
is quite small (see fig. 12) and all the variables, except
Ln, have exceedingly high values. Values of Wg/We greater
than 'l also are not shown because the value of the mean
temperature difference has leveled off with increasing WC/We
(fig. 12) and further increase in Wy, ‘produces negligible
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decreases in Lg, Lg, and v and results in large values of
Pt &and 1in partzcularly large values of Lp.

Likewlse, values of Ap, 1less than 10 pounds per square
foot are not shown., Both the power cost and the volume Iin-
crease rapldly wlth decreasing Ape .Iin the region between
Apeg = 10 and Apg = 0 pounds per square foot. Although
figure 29 ls not extended far enough evén to hint of the
rapid upturn of the volume and the power, actually both the
volume and the power approach infinlty as Ap, approaches
zero, Also, values of Ap, greater than 50.pounds per
aquare foot are not shown 1ln flgure 29. Although the cooling-
alr pressure drop avallable at the alrplane speed and alti-
tude used In constructing figure 29 is of the order of 100
pounds per square foot, the only advantage (ses fig. 29) of
using large pressure drops 1s in obtalning lower values of
Lh. Thils advantage 1s usually more than offset by the large
power cost that accompanles learge pressure drops.

Intercoolers are sometlimes ao chosen that they require
practlcally all the avallable cooling-alr pressure drop.
Figure 29 shows that the power consumption of Intercoolers
can be materlally reduced by using lower coolling-air pressure
drops than are frequently used. .

Pilgure 29 was constructed for a pursuilt alrplane ‘using
1675 engine horsepower in the normal-power cruilsing condition,
with the engine supercharged to full normal power at a maxl-
mum altitude of 36,000 feet and having a normal-power apeed
of }60 miles per hour at that altitude. For engines of
different power, In &and v can be scaled in dlrect propor-
tion to the engine powser. The values of Le, L¢c, Ape, and
We/We are independent of engine power.

Harrison aluminum louvered intercoolers wilth an engine-
alr pressure drop of 1 inch of mercury were used in calcu-
lating figure 29. For intercoolers of other design and for
airplanes other than the one prevlously described, the figure, .
although not exactly applicable quantitatively, should never-
thelesa be gquite useful in showing qualitatively the interde-
pendence of the Intercooler varlables and how cowpromises
among the variables can be effected.

Selectlon Churts
Enough experimental investigations have been made of

dlfferent designs of lntercooler to make 1t posslble to write
equationa that correlate the heat transfer of all designs of
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Intercoolers yet constructed. It 1s of course poaslble to
use these ‘equatlons in selecting the external dimenslions of
Intercoolers by calculating the rate of heat transfer, the
pressure drops, and the power cost of a number of comblna-
tions of external dimensions and weight-flow rates. Such a
procedure 1s, however, extremely tedlous. The use of some
form of selectlon chart is much more desirable. Two general
types of selectlon chart are avallable for selecting inter-
coolers; namely, performance charts and generallzed selectlon
charts,

Performance chartsare made up, usually by the manufac-
turer, for intercoolers of a glven internal geometry. It
1s customary to construct, from test data, a set of charts
for dAifferent comblinatlons of dlmensions and pressure drops.
When a set of these charts 1s avallable, the selectlon of an
Intercooler that satisfies most of the requirements 1s rela-
tively easy. This nongenerallzed type of chart, however,
Is not suitable for showing the power cost of the inter-
coolers and does not easlly show the effects on all the other
varlables when any one varlable 1s systematlically varled,

The recond type of chart is the generalized chart. A
single chart can be constructed that 1s appliceble for all
Intereoolers of a glven general design; that 1s, one general-
ized chart can be used for all tubular intercoolers of all
tube slzes and tube spaclngs. ' Another single chart can be
used for all Iintercnolers of the Harrison type, no matter
wnat the slze of the passages, Such charts are particu-
larly valuable in that they show how ths other variables are
afrfected when one of them 1ls systematlcally varied. Because
the power cost 1s included as one of the variables shown on
the generallzed chart, the sslectlion of the most satlsfactory
Intercooler for a given installation generally requires only
one or two trials wlth the generallzed chart but may mean a
large number of trlals with performance charts,

Generalized selection charts for tubular lntercoolers
end for Harrison inisercoolers are given in reference 17.
These charts ure highly generallzed 1n that a single chart
can be used for selecting all intercoolers of a glven general
design, for all airplanes, and for all altitudes. Because
of 'the high degree of generalization, the auxiliary calcu-
latlons that must be made in the selectlon of an latercooler
with these charts are tedious. For intercoolers of a glven
internal geometry, however, meny of these calculatlons can
be made once, the results incorporated into a selection form,
and the form used to slmplify the selection process. Selec-
tion forms for an Airesearch tubulur intercooler and for
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Harrison copper intercoolers are presented in reference 17
and for Harrison aluminum Intercoolers in reference 18.

The selectlon of an Intercooler .always represents a
compromise among dimenslons, cooling-air pressure drop, and
power cost, Generallzed charts make 1t posaible to select,
usually 2n the first trlal, the Intercooler that represents
the mest satlafactory compromise for any glven set of condi-
tions, In fact, without the ald ol the generalized charts,
1t is extremely difficult to select, for eny glven set of
conditlons, the best intercooler. Cn the other hand, for
ona who 18 not fanlllar with the generallzed charts, the
selection of an Interconler hy a performance chart is un-
doubtedly easler than by the generalized charts. The best
recommendation therefore seemns to be that the performance
charts be used for choosing Intercoolers end that the selec-
tion be gulded by filgure 29.

Preliminary Calculations

A number of preliminary calculations have to be made
before a selectlon chart is used. In the present sectlion,
_ these calculations are 1llustrated for a typlcel case. An
airplene having an engine with 1200 normal brake horsepower
is assumed. The engine is supercharged by a turbosuper-
charger, The critical aititude, that 1ls, the maximum altl-
tude at which full normsl engine power 1s developed, 1s
20,000 feet, The level-flight normal-power speed &t thet
altitude 1s 400 milos per hour.

Intercoolers are usually selected for the altitude at
which the coolling problem is the most difficult. For gear-
driven superchargers, thls altitude is usually the one at
which the gears are shifted into the highest ratio. The .
quantity €&, which 1s the drop 1n englne-air temperature re-
quired of an intercooler divided by the difference In the
engine-alr and the cooling-alr inlet tamperatures, is plotted
against altitude for a goar-driven surercharger 1in figure 30.

For turbosuperchargers, the mnst severe demands are made
on the intercooler at the criltlecal altitude. Flgure 31
1llustrates the variatlon of & with altitude for a turbo-
supercharger Iinstallation,

If the supercharger compressed the air lsentropically,
the ratlo of the alr temperatures at the outlet and at the
inlet of the compressor T,/T; would be given by the
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equation for adlabatic isentroplc pressure changes
r-1 .
T Po\T
= (—9) (50)
Ty Py

The temperature rise in the compressor therefore would be
g&lven by the equation

-1

] IO it
= il 0] -
AT Ly (p 1

Losases do occur, however, in the supercharger. In
effect, to some extent the compressor churns the air and
heats 1t without compreszing 1it. The actual temperature
rise is gilven by the equation

=1
Do\ T _
T‘[\Pi) 1‘J

m —= (66)

AT =

in which 71 1s defined as the supercharger efficlency.
Equation (66) can be written

y-1
T i:)Y -1
__Q — -+

Equation (67) was used for plotting figure 32, in which the
temperature ratio is shown as a functlion of the pressure
ratio and the supercharger efficiency.

One of the quantitles that must be known for the selec-
tion of an intercooler 13 the temperature of the engine air
at the 1lnlet to the lintercooler, This temperature can be
found as follows: As an example, it ls assumed that the air
at the supercharger inlet has been slowed to one-third 1lts
free-stream speed. The free-stream speed is ;00 miles per
hour or 588 feet ver second, and the supercharger inlet
veloclity is 196 feet per second. The supercharger inlet
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temperature 1s gilven by equation (h9) as

T, =Ty + Qigﬁg (Vo2 - v12)

= (-12 + 159) + 0.832 (3.6 - 3.8)
= )72.6° I' abs.

The supercharger inlet pressure 1s glven by equation

(50) as

Ty -II

12.75 (ﬁﬁ; e

= 16,6% in. of mercury -

It is assumed that a pressure of 31 inches of mercury 1ls
obtalined at the outlet of the supercharger. The pressure
ratlo in the supercharger then 1s

Po

Dy T%%E?

= 1,86

For a pressure ratilo of 1.86 and a supercharger efficlency
of 0,60, figure 32 gives the temperature ratio as

To

'T—E = 1.31

The englne-air temperature at the supercharger outlet, or at
the Intercooler inlet, then 1is
To = 1.31 x L72.6
= 619° F abs.
= 160° F
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Tor jJllustretinn, the engine-alr temperature required
at the intercooler nutlst is assumed to be 80° P, The
engine-air temperature drop required in the intercooler
theretore is T

AT = 160 - 80
= 80° ¥
In o>der to find ¢, the Inlet temnerature of the cooling
eir ;mst be found, it can be estiamated by estimating the
ediabhatlc tesperature rise that the coollng air undoargoes
betreen the freeo stroam awi the intarcooler inlet. The
I'ree~strema specd 1is }:CO umlles per hour or 588 feet ner
second. "he estlimated sneed vf the wir 1n the intercooler

is 75 1lles per hour or 110 feet rer second. The adlabatic
temversture rise, as ziven by equetion (Ii9), therefore is

Ap = Q;&Eé [(uoo)2 - (110)2]
v

1
= 23° F
The cooling-sir inlet temmerature then is
Te = =12 + 23
= 16° ®
The dirferencs in 1nlet temneratures 1s
160 - 216 = WUY° =

Thie engine-air tormperature drop divided by the inliet
temperature diffcrence is

80
oL

= 0.56

L]

Tue racve of englne-sir flow can be calculated by multi-
Plying the engias bruge bhorsepoweir by the rate of air con-
swption psr enziie horsepower, The rete of alr consumption
is furnished Ly the enginc wanufacturer ani is of the order
of T.5 pcunda per hour per uorsepower. For the present
exanple, thon, the engine-~air flow is .

. _ 1200 x 7.5
Ve = 3600

= 2.5 1b/sec
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The rete of heat transfer requlired 1s given b& equa-
tion (44) as

J q =W cp AT (L)
. = 2,5 x.0.2 x 80
= 48.0 Btu/sec

After these preliminary calculatlions are mnade, an '
_Intercooler may te selected. Any one of a nunber ot methods
or charbts can be used -~ eitbher the performence charts pub-
lished by the verlious intei:cooler manufacturers such as
those 1n rcference 19, or the cherts published in refer-
ence 20, or the generalized charts of reference 17.- A de-
tail description of the nse of these chartus is not desirable
in the present report. ‘e mechanics of each method is
clearly explained in the reference report. An the present
report, it 1is desired only o sugneest that the plcture
presented by figure 29 be kept in mind in order that a good
selectlon may be made.

19 [

SELECT:0N OIF OIL COOLERS

01l coolers are ussd to dissipate a part of the heat
developed In engines and to keep the oll at a safe tempera-
ture, The heat rejection to the o0il is usually specifiled
by the engine mamufacturer. It is customarily taken as’
about 6 or 7 percent of ‘the brake horsepnwer for air-cooled
engines and about 9 or 10 percent of the brake horsepower
for liquid-cooled engines. The heat rejection to the oll
may vary not only from engine to engine but also with the
agoe of the engine, inesmuch as 1t depends somewhat on the
clearances in the engine.

As vias pointed out in the discusslon of oll coolers in
the smection entitled "Applications so Design," in part I,
the Reynolds aumbsr of the flow of oll in coolers is so low
that the flow is laminar raetasr than turbulent. When ths
temperature of the coolling ale is low, the temperature of
the o1l msy become so low that the oll congeals. When this,
condition occurs, the thermal resistance on the oll side ‘
becomes so great tiat the oil which may be forced through
the cooler 1s not”properly coolecd. An example of the effect
of congealing In a typical 0il cooler 1s shown in figure 33.
As the inlet air temperature is decreased, the rate of heat
disaipation Increases until a certuln air tewmperature 1is
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reached - in this instance, about -5° F, DBelow this temperd-
ture, heat dissipation dacreases and oll outlet temperature
inercasss becauce the oil is congealing.

The satisfactory correlation of heat transfer in highly
viscous fluids, such as o0il, in laminar flow in smooth
strajight tubes is not yet poasible. Correlation for oll
coolers is furtlier corplicated by congealing, by aeration of
tho 0il, and by the different heat-transfer characteristics.
of tlie baffle systems used by different msnufacturers. For
thes¢ ressons, generalized seiection charts, such as those
discussed previouslr ror coolant radlators and air inter-
coolers, are not yet evailablie fcr oll coolers. Performance
charts have becn constructed, however, by the various manu-
facturers ard can be ratlsfactorily vsed for the selection
of' 0il coolers,
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The performence charts are usually set up in a form
somevhat similar to that used in figures 3l and 35. In
figure 32l, the rate of heat dlssipation is shown in Btu per
minute per 100° temperature difference between the average
oll temperature and tte inlet air temperature for coolers 1l
and 15 Inches In dlamster. This rate of heat dissipation
is shown as a rfunction of cooling-alr pressure drop times
density ratio in inches of water and of rate of oil flow 1n
Fowads por minute. In figure 35, the rate of flow of
¢ooling air is shown as a function of the cooling-alr pressure
drop for coolers of two sizes. With similar charts for
coolers nf other sices and for coolers of various manufac-
turers, the selection of a cooler is easy. (Figs. 34 and
25 are chiefly illustrative and apply quantitatively only to
conlers having & particular baffle arrangement.)

The selection of aun oil cooler will be most satisfactory,
Lowever, 1f the selection can be s> made that the tendency of
the oll to congeal ut low slr tempereatures 1s avoided., The
following discucsion is intended only to give an indication
of what might be done in the selectlon of. coolers to avold.
congealing. Tor a gilven set of conditions on the oll side -
that 13, for a given barfle system, e given rate of oil flow,
end a glven o1l inlet te.lperature -~ whether congealing occurs
depends on conditions on the air side - that is, on air
temperature and rate of flow. Consider the curve in fig-
ure %l for an oil flow of 90 pounds per minute in the 15-inch
cooler, On this curve, a temeerature of 60° has been
marked with a tick at a cooling-alr pressure drop of 12.2
inches or water to indlcate that, if the inlet alr .tempera-
ture is 60° P, congealing is likely to occur if an ailr
Fressure drop greater than 12.2 Inches of water is used.

In other word56 the rart of the curve to the left of the

tick marited 60° can be used without danger of congealing, 1if.
the Inlet air temperature is 60° F or above. The part of
the curve to the right of the eO° tick is unsafe for use if
the inlet sir temperature is 60° F or less. Correspondingly,
the tick merked LO® at a pressure drop of 3.3 inches of
water indicates that, on thet part of the curve to the right
of 3.3 inches of water, congealing will occur 1f the inlet
alr temperaturs is 09 F or less. Similerly, temperatures
are marked with ticks on the curves for other oil flows in
the 15-inch cooler.
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SELECTION OF ENGINE FINS
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If an engine 1s not adequately cooled, improvements In
the cooling will malte posslible a number of lmprovements in
the performance of the engine, Better cooling makes possible
a decrease in fuel consumption, an increase ln the power
output that can be used, a reduction in detonatlion, and an
increase in the altitude at which sufflclent pressure drop
for cooling 1s avallable. As examples of the improvements
that can be made 1n the cooling of alr-cooled engines by
relatively simple changes in the finning, the following
illustrations are presented, These lllustrations show how
the maxlimum altitude at which full power can be taken from
an engine, as determined by the cooling of the engine, can
be Iincreased by increasing the fin surface area by the use
of wider and thinner fins.

It has previously been shown that the rate of heat
transfer from a flnned air-cooled cylinder 1s a function of
the fin width, thickness, und spacing, of the thermal con-
ductivity of the fin metal, and of the pV of the cooling
alr in the fins, At hlgh altitudes, the cooling of an
engine usually becomes dlfflcult because the low alr density
makes a high air veloclty necessary. The high veloclty re-
sults in a large pressure drop. The pressure drop reguired
for cooling may be greater than that avallable. In such a
case, the'veloclty required to effect the necessary rate of
heat transfer, and accordingly the pressure drop required,
can be reduced by lncreasing the fin surface area, As
1llustrations, consider flgure 36, which 1s taken from
figure 16 of reference 12, In figure 36, the ratlio of the
engine cooling-air pressure drop required to the pressure
drop avallable, in the high-speed-flight condition of the
airplane considered in reference 12, 1s plotted as a func-
tlon of altitude for four different fln arrangements. It
1s assumed that the englne develops full normal horsepower
at all the altitudes consldered. The engine cannot be
cooled when the ratlo of pressure drop required to pressure
drop available exceeds unity. For aluminum fins 0.75 inch
wide and 0.06 inch thick - dimensions representative of the
finning on o0ld 'or low-powered engines - the limiting alti-
tude 1s 25,000 feet, . With aluminum fins 1l inch wide and
0,06 inch thick, the engine can be cooled to [;2,000 feet,
With aluminum fins 1.5 Inches wilde and 0.052 inch thick, the
limiting altitude is raised to 55,000 feet, With copper
fins 1.5 inches wide and 0,035 1nch thick, the engine can be
cooled at altitudes up to 59,000 feet.
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The foregoing exemples of improving engine cooling, which
are confined to lncreasing the fin width and decreasing the
fin thickness, are not exhaustive. of the possibilities of
Improving cooling by changes in fin dimenslons, The pres-
sure- drop required for cooling can also be materlally reduced
by the use of smaller fin spacing, for example, As furthepr
1llustrations of posslble lmprovements, conslder the sources
of pressure loss across an englne as shown in figure 37,

This flgure, which is taken from figure 15 of reference 12,
gives a breakdown of the pressure drop shown in figure 36 for
the engine with the l-Iinch fins, As 1s shown, the pressure
drop 1s made up of three components: (1) the drop ¢aused by
friction in the fins, (2) the drop that accompanles the in-
crease in the momentum of the air, which is caused by the
change in the temperature and the pressure of the alr, and
(3) the loss that 1s caused by the abrupt expansion at the
exlt from the baffles, Only the first of these components,
that due to friction, should be conaidered a necessary and
useful pressure drop, The other two components should be
consldered not only not useful but also not necessary, An
arrangement in which pressure loss ls czused only by friction
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Figure 37, « Breakdown of cooling-alr pressure drop across
radlal engine, Friction pressure drop, momentum pressure
drop, exlt pressure drop, and total pressure drop for
l-inch fins as functions of altitude, (from fig. 15 of
reference 12,)

should be kept in mind as the ldeal arrangement, As 1is
pointed out in references 21, 1f the air passages can be de-
signed to have the proper expansion from entrance to exlt,
with the result that the dynamic pressure of the ailr remalns
constant in spilte of a change in its denslty, then the
momentum of the alr remalnas constant and the presasure loss
due to increasse in momentum 1s elimlnated.

The large loss that 1s due to the abrupt expansion at
the exit from the baffles, furthermore, 1ls proportlonel to
the dynamic pressure at the exlt. By the use of wider fins,
the exlt dynamic pressure 1s reduced -and the expansion loss
accordingly ls reduced. Furthermore, by an improvement in
the exit, such as the provislon of a gradually expanding

duct following the baffle, the loss due to the expanslon can
be reduced.
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IIT - INSTALLATION

Each heat exchanger, after it has been designed and
selected, must be fitted into the airplane. The Installa-
tion should be made in such a manner that the pressure drop
and the alr flow required by the exchanger will be adequately
developed and that the 1lncreaseé In the form drag of the alr-
- plane due to the installation will be low. Many and exten-~
slve investigatlons have been made of the problems connected
with the installatlon of heat exchangers.. The purpose of
part III 1s to give the lmportant princlples that have been
learned. For convenlence in analysis, the diacusslon is
presented in several sectlons,

COOLING-ATIR ENTRANCE
General Remariks on Design of Entrances

The functlon-of the cooling-alr entrance 1s to induct
ailr of high total pressure into the airplane. The entrance
must function satlisfactorily over a large range of angle of
ettack of the alrplane, . It also must allow a large varia-
tion In the wvolume rate of flow as the altlitude and the engine
power change. The leading edge of the entrence therefore
must have the same characterlstlcs as the leadlryg edge of a
wing. If a wing were deslgned to fly always at one angle of
attack, the lowest drag would be cbtained with a relatively
sharp leading odge properly alined for that angle of attack.,
A practicable wing mmast be capable of functioning through &
large varlatlon of angle of attack, however, and rmust there-
fore have a well-rounded leadlng edge, Tor the same reasons,
the leadling edge of an entrance must also be well rounded,

Figure 38 shows the varlation with dltitude of quantity
of cooling ailr G for an ailr-cooled engine having a rated
power of 1675 horsepower (reference 12). It can be seen
that the veloclty_ of the alr in the entrance varies 1in the
ratio of about 2%:1 between an altitude of 40,000 feet and
sea level,

The power developed by the engine obviously has a marked
effect upon the cooling requirements, Figure 39 1lllustrates
the variatlon of the ratio of the quantity of cooling alr
required to the quantity required for rated engine power out-
put as a functlon of the engine power, Under operating con-
ditions in flight, englnes operate all the way from about 33
percent to more than 100 percent of. normal power,
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In the design of the leading edge, however, not the
actual iInlet veloclty of the cooling alr but the ratio of
Inlet veloclty to ailrplane veloclty 1s the important factor.
The varlaetion of thls factor is illustrated 1n the varlatlion
in the streamlines in figure L0, which shows graphically the
rangoe of condltions under which an entrance should be able
to function properly.

In addition to developing the requirec flow under a
wlde rangs of conditlons, an entrance should allow the: flow
to take place without large external or Internal entrence
losses. Separatlon of the flow on the inalde of the entrance
will cause a loss 1n the pressure avallable for cooling and
an increase 1n drag that 1s proportlonal to the dynanic pres-
sure 1n the entrance, The inslde of the entrance should
therefore be designed wlith regard to the dynamlc pressure
there. IT the dynam!c »nressure 1s high, the inside of the
entrance must be carefully desligned to avold excesslve losses,
If the dynamic pressure 1s low, losses cannot be large and
the design ls therefore not critical,

If there 1s separatlon of the flow over the outslde of
the entrance, large losses that result in high drag will
occur, The shape of the outside of the entrance behind the
leading edge determlines the local veloclty of the air over
the surface, If the radius of curvature of the surface 1s
large, the veloclty approaches free-stream veloclty. Ir
the radlus 1s small, the velocity 1s large compared with
free-stream veloclty end the drag may then be high because a
shock wave 1s formed.

The foregolng statements regarding entrances apply
equally to englne cowlings, scoops, and wing entranccs,
Each of these entrances, hcwever, hus pecullar advantages -
and shortcomings that must be recognized.

Conventional NACA Cowlilngs

The general shape of the conventional NACA engine cowling
1s shown in figure }j0. The veloclty of the flow over the
outside of cowlings 1s greater than free-stream velocity.
According to pressure-distributlion measurements and wind-
tunnel tests, the critical Mach number of the conventlonal
engine cowlings generally 1l1s rather low. The formation of
shock waves may be nrevented, however, as previously indl-
cated, by modifications in the radius of curvature, Up to
the present time, no ‘airplane has experienced large drag in-
creases due to the formatlon of shock waves on a conventlonal
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cowling. Shock waves form on some of the other important
parts of. an airplene at lower airplane speeds than on the
conventional NACA cowling. ' The mosat critical parts, in -
decreasing order of importance, are: propeller, wlng-fuselage
Juncture, cowling, and wing. High drag from nonventlonal
cowlings has resulted, as is dilscussed later, principally
from a poor design of the afterbody of a cowling or from a
poor alinement of the afterbody and the wing.

Scoops

The greatest 'disadvantage of scoops is that they add to
the frontal area of the alrplane. ' Alr taken iIn by a scoop
generally can be more economlcally lnducted through an
opening in the front of & nacelle or in the leadlng edge of -
e wing. Furthermore, scoops are usually located where a
boundary layer already exlsts on the alrplane. An entrance
that admits &lr of both high and low energy tends to allow
the alr to flow out of the scosp at the corners where the
scoop meets the surface of the airgplane. If the alr 1is
slowed down considerably before it enters the scoop, the
rapld pressure rise may cause a separation of the boundary
layer Just in front of tiie entrance. Such & sepraration 1is
accompanied by a large entry loss, by nonuniform pressure
distribution In the entry, and by splllage or return flow
from the corners of the scoop. One remedy 18 to ralse the
scoop off the surface in such a way that the low-energy alr
1s diverted around the scoop. Another remedy 1s to decrease
the entrance area of the scoop in order that the air will
enter at flve-tenths to seven-tenths alrplene speed. The
first method somewhat increases the frontal aree of the scoop.
The second method results in an entrance that 1s critical to
the changes 1n flow assocleted with changes in englne power
and in altitude and also necessltates care 1n the deslgn of
the Inslde of the entrance, on account of the relatively high
dynamic pressure that must be handled.

Viing Entrances

¥ing entrances meet some of the condltions for desirable
entrances.- They are located at a forward stagnatlon point
on & well-atreamllined body. The wlng behind the entrance
provides a desirable housing for the heat exchanger. The
chlef considerstlon 1n the deslgn of wing entrances 1ie so to
arrangs the entrance that the flow over the wing, and conse-
quently the 1ift, 1s not appreclably affected. The solutlon
of this problem requires care and experisnce. For structural
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reasons, a wing 1s designed to he as thick as possible and
therefore a large expansion of the flow over the after part
of the wing 1s required. At high angles of attack, the
expansion becomes critical. ‘Any Interruption of the flow
near the leading edge such as 1s caused by an entrance, guns,
bumps, and so forth, tends to produce an Instability in the
flow over the wing that causes separatlion 1n the region of
expansion. Separatlon results 1n Increased drag, reduced
1ift, and reduced maximum 1ift coefificlent.

Another factor that merits consideration when air 1s
taken into an alrplane at the lsading edge of a wing 1s the
change 1n the orilentation of the entry with respect to the
local alr flow when the angle of attack of the wing is changed.
Because of the lncrease in the npward component of the alir
flow when the angle of attack of a wing ia increased, the in-
crease in the effectlve angle of attack for the duct entry 1is
‘greater than the actual increase in the angle of attack of
the wing. In fact, the effective angle of attack' may in-
crease one and one-half to two times as much as the angle of .
attack of the wing. On bombers, for which the difference
In angle of attack for crulsing and for climbing is small,
the effect 1s probably not Iimportant. On pursuit airplanes,
however, 1t may be lmportant,

The safest procedure in the deslgn of wing entrances is
to Investigate the entrances on the actual airplane in
flight. In this way, the effect of the propeller 1s included,
When the entrance 1s studied on a model in a wind tunnel, '
great care 1s necessary to avold obtalning a misleading result.
The effect of the entrance on the 1ift is most evident near
the wing stall angle, The effect of the wind-tunnel walls
may dominate the result near this angle and supporting strut
Interference may greatly exaggerate the losses caused by the
entrance, '

COOLING-AIR EXIT

The cooling-alr exit should be designed to introduce

the cooling air back into the alr stream in such a manner
- that the drag wlll not be unduly large. For example, the

low-energy coollng alr may cause separation of the flow from
& nacelle, Jeparatlion 1s llkely to occur if the cooling
air 1s emitted at a place where the flow 1s already near the
normal limit of expanslon; thus, 1t 1s rmuch easler to make a
low-drag exit on the hottom of a wing than on the rear top.
part of ‘a wing.
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The air flow through a heat exchanger should be con-
trolled by varylng the slze of the exlit. In high-speed
flight at low altitudes, the dynamic pressure of the free
streeam 1s high and the pressure drop avallable for coollng
ls greater than 1s necessary. Under these conditlons, the
area of the exit 1s reduced 1: order to reduce the flow of
elr snd the pressure drop through the exchenger. Iri the
condltion of climb, the pressure drop requlred by the
exchanger frequently equals or exceeda the dynamlc préassure
of the free stream. The exlt area 1is then made large.

That the exit aresa must undergo large changes to accommodate
large changes 1ln the volume rate of flow under various con-
ditions of alrplane speed, altlitude, and rate of heat trans-
fer 18 evident from an earllier discusslon.

-

DRAG OF AN INSTALLATION
Form Dreag

The form drag of an installetion is largely a functlon
of lts frontal area. For instance, a completely submerged
installation has no form drag except posslbly that caused by
& poor air entrance or exilt. A4t the other extrene, a large
nacelle on a thin wing has a relatlvely large form drag.

In practice, nacelles ere submerged 1n wings various amounts,
Tor all thecse arrangements, the drag of the nacelle 1s very
nearly proportional to the frontal area of the nonsubmerged
part.

Streamline bodles and nacelles wilth conventional NACA
cowlings have been tested meny times to determine the rela-
tive form drag of these bodies, 'The results of many of these
tests are summarized in figure L1, in which drag coefficlent
besed on frontal area 1s shown as a functlon of fineness
ratio. The dashed line i1s for streamline bodies of revolu-
tion; the so0lld line 1s for the same bodles equlipped with
conventlonal NACA cowlings. Finencss ratlo 1s defined here
as the ratio of the length behind the maximum section to the
dismeter of the maximum sectlon. It will be noted that- the
bodles equipped with nose cowllngs are much more sensitlve
to the treatment of the afterbody than the bodies with
rounded noses., Thls fact ahows that the conventlonal cowling
Introduces some sort of instability into the flow which may
cause separatlon and result in a high form drag. .Thls in-
stability can be counteracted to a large extent by alining
the afterbody with the flow. In the setup belng considered,
‘alinement of the afterbody means the use of long afterbodles
in order that the rate of expansion of the flow over the
afterbody 1s low.
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The aituation is sin*lar when the nacelle l1s installed,
on a wing, © the nacelle 1s not slined with the flow over
the wing, the unstable flow causes separation on the nacelle
and the wing end a high drag results, Exectly true allnement
obvliously cannnt be obtalned except at one angle of attack.
The alinement should therefcre be made for the conditicn of
flight in which the best performance 1s desired.

Analysss and wind-tunnel tests show that engine cooling
can be obtalined for about 5 percent of the enzine power,
which 1s a relatlively low costj the exact amount depends upon
the critical altitude of the engine, The cost of engine
cooling, however, in almost all actual installations 1s much
larger then 5 percent of the englne power, For a crltical
altitude of 25,000 feet, for example, &n installation that
glves engine cooling at a cost of only 10 percent of the
engine power 1ls consldered particularly good. The high cost
generally can be largely attributed to poor design of the
afterbody of the engine cowling.
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Cooling~Alr Drag
The dreg of -an inatallation other than the form drag -
previously discussed 1s caused by the return to the ailr
stream, through the exlt, of alr that has less momentum than
the free stream. Conslder the flow of air through a heat-
exchanger lnstallation, In the entrance, the total pres-
gure of the air ls esaentlally that- of the free stream Hg.
In the heat exchanger, tho-alr dces useful work and suffers
& corresponding loss in total presaure. In the ducts, non-
useful work is done and further pressure 1ls lost. Finally,
at the exlilt the total pressure H3 is given by

Hz = Hg - AH

This total pressure Hx -is composed of atatlc pressure

pg and dynemlc pressure; The croas section of the flow at
the exlt 1s such that the statlc pressure in the exlt equals
the statlc pressure outclde the exit. The veloclity of flow
out of the exlt 1s therefore determined by H and p=x.

The totel pressure Hz generally 1s small enough for the
velocity of the flow Aut of the exlt to be less than the
free-stream velocity Vg. The "system must then be charged
with a drag that ic given by

D=z (Vg - Vz)

®l=

PROVISION OF PRUSSURE DROP
Avallable Pressure Drop as a Function of
Free-Stream Dymamlc Pressure

Providing adequate pressure drop 1s one of the func-
tions of an Installation. A good entrance headed into the
air sitream provides a total pressure that ls very nearly
equal to the total pressure of the free stream, The drop
In total pressure that l1s avalilable for use in a heat
exchanger and the accompanying ducts and diffusers 1s the
difference between the total pressures in the entrance and
in the exit. In the limlt, that 1s, when the exit area l1ls
very large, the total pressure in the exit consists solely of
statlc pressure und the exit wveloclty 1s zero. The avallable
total pressure then 1a the dlfference between the total pres-
sure in the entrance and the statlc pressure in the exit.

The statlc pressure in the exit depends on 1ts location. If
the exlt opens to the rear and the velocity of the alr over
the outside of the exlt 1s nearly free-stream velocity, the
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static pressure 1n the exit is very nearly free-stream
static preasure. The pressure drop avallable for the in-
stallation 1s then the free-streem dynamic preasurs,

The assumptlion that the pressure drop avallable for use
in any lnstellatlion is equal to the free-stream dynamlc
preasure usually 1s not true ln practice, When the alr-
plane is motlonless on the ground, the free-strewn veloclty
is zero; yet a pressure drop 1s avallable bhecause the pro-
peller produwces a flow over ths entrance and the exit. In
flight, also, the propeller has an effect. The total pres-
sure in an entrance that is located behlnd the inner sections
of & propeller may be less than the total pressure of the
free stream on account of the blocking effect of the pro-
reller shanks. The totel pressure in an entrance that 1ls
located behind the outer sectlons of a propeller nay be
greater than the total pressure of the free streanm, If the
exlt 1s located in the sglinstream, the statlc pressure in
the exlt likewlse willl be less than that of the free strean.
Purthermore, flaps can be used to reduce the pressure at
the exlt and to increase the pressure drop avalluble for
cooling. Under favorable condltions, flaps can increase
the available drop by some 30 percent. It must be realized
that the radlal locatlon of both the entrance and the exilt
with respect to the propeller and the dlstance of the
entrance and the exit behind the propeller determine the
pressure drop that is avallable,

Prossure Provided by Conventlonal Cowlilings

Alinement oi the entrance 'with the local air flow is an
Important consideration. An airplane is required to operate
through a range of angle of attack and this requireméent
handicaps the perlformance ol the entrance, Even a total-
head tube, which 1s much like a cowling or scoop,. has a
limlted angle of attack through which approximatoly the full
total-pressure reading 1s glven. Entrances on alrplanes
are usually riore critical to change In angle of attack than
total-head tubes. At positive anglea of attack, crosaflow
over an entrance ullows alir to enter at the bottom and to
flow out the top. The usual name for thls phenomenon 1s
splllage. (See fig. }j2.)

Conventlional NACA cowllings experlence spillapge and
englnes installed in such cowllngs tend to have the lower
cyllnders overcooled and the upper ones undercooled. Numer-
ous- attempts have been made to elimlnate spillage. The
most succeasful scheme 1a the use of a hlgh-speed entrance.




109

Figure ;2. - 8pilllage from pnorly elined IACA cowling.

This type ol entrance hos a comparatively small inlet area,
and the alr is inducted at high apeed compured with the low
entranne apeed In the case ol the conventional cowling.,
(Ses I1g. 43.) The high-speed entrance tends o give &
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Flzure h5._— Cowllng deslgned for high air inlet speeds
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uniform pressure across the engilne. This entrance, however,
does not function well under all flight conditions because

1t tends to be criticel to changes in the ratio of air 1inlet
speed to free-stiream speed. The pressure provided frequently
is only avproximately that avallable at the top cylinders in
the poorly alined conventional cowlling. Because there is

no splllage, more cooling alr is required with the high-speed
entrancs. Furthermore, the high velocltles make careful
treatment of the dlffusing sectlion necessary.

A practicaeble solution to the problem of splllage appears
to be proper alinement of the conventlonal cowling. This
solutlon involves selecting the most crltlical cooling condl-
tion of flight and alining the cowllng - with the local ailr
flow for that condition. (See fig. .) Plgure L5 1llus-
trates some of the difficultlies involved in obtalning proper

Flgure ll;. - Properly alined NACA cowling.

alinement of a cowling. First, 1t may be observed that the.
wing domlnates the plecture. Near the leading edge of a

wing, the alr has a lerge vertlcal veloclity component that

1s a function of the angle of attack of the wing. 'If an
entrance ls close to & wing, the locual flow at the entrance

1s therefore largely determined by the angle of attack of the
wing. Figure },5 also shows that the closer an entrance 1s

to the leading edge of a wing, the greater the change 1n the
direction of the local flow with change In the angle of attack.
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Figure 15
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Augmentation of Pressure by Blowers

Cases arlse in which the. pressure-provided by the normal
Installation is Inadequate under some opsrating conditions,
The most loglcal procédure in such cases ls to use riore sur-
face srea for cooling and thereby to reduce the pressure
" drop.required by the exclianger. If the greatest incazlble
increase in surface area, the proper design of entrance and
exit, maxirmum use of the propeller slipstream, and the re-
ductlen of nonuseful pressure losses still fell to solve the
problem, some auxlliary means of providing more pregsure
must be found,

A blower or a fan 1ls the most direct method of providing.
Increased pressure. The chlef diffliculty cohnected with
the use of & blower 1s 1ts welght, For effliclent blower
operatlion, the speed and the blude setting of the blower
must be controlled by the pllot, If the blower operetes at
constant nltch and at a speed proportional to the englne
speed, 1t does the most work and-provides the highest pres-
sures 1In the high-speed flight condition for which the
coolling pressure usually 1s already adequate. A8 the altl-
tude of flight increases, furthermore, the velocity ol the
cooling alr increases, the angle of attack of the blower
blades decreases, and the blower unloads. - Figure lj6 shows
for a typlcal constant-speed constant-pltch blower, for
example, the variatlion »f the pressure rlse across the blower
and the power cost of operation of the blower as functions
of altitude, relative to the values at 50,000 feet, If a
blower 1s used as the solutlon of the problem of high-
altitude cooling, it s clear that speed znd pltch controls
mist be provided.

Speed and plteh controls, however, muike a blower exces-
sively hesavy and complicated. 411 cooling problems can
doubtless be solved by providing adequate heat-tranafer
surface area for obtalning the required cooling wilth the
avallatle pressure drops. The questilon that remalns to be
answered is whether the heat-trunsfer engineer wlll clicose
to provlide the requlred surface area or whether he will
declde to use & blower with the assoclated welght and
compllication.

MCCHANISH OF COOLIHG.IH ATR-COOLED ENGILE

In the following dlscussion, the aim 1s to describe some
of the detalls of the mechanlsm of the cooling of an alr-
cooled engine, in order to give an insight into the phenomena
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that are lnvolved, and to point out the numerous factors
that must be taken into account in trying to obtain correla-
tions and the inherent difflcultles that are encountered in
making measurements,

The mechanism of heat transfer for such c¢oollng units
as radlators and intercoolers ls well known. Here the
pressure drop for coollng, the rate of heat transfer, the
flow of cooling alr, the flow of flnid to be cooled, and the
temperatures can all be fitted into a consistent plcture and
correlated with one another. The conditlons encountered iIn
the alr-cooled englne are complicated by numerous factors that
make such a correlation extremely difficult.

In the air-cooled engine, the latent heat of the fuel
is divided in some such proportion as that shown in figure 47.

The divlision of the heat pictured here 1s only a very
rough approximation because the relatlve division depends
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Filgure |}7. - Approximate division of latent heat of engine
fuel.

upon engine Adjustments, such &s timing, valves, carburetor,
intercooling, englne power, engine speed, type of fuel, and
many other factors. It is thus clear tuat, in attempts at
correlation, & difflcult problem 1s lmposed because, filrst
of all, an unpredictable guantity of heat 1s to be dissi-
pated to the cooling alr.

The over-all problem of obtaining a corresletion between
engline temperatures and presswre drop is further corpllicated
by the mechanlsm »f coosling. The heat golng into cooling
1s divlided somewhat as shown in figure hﬁ. It 13 interesting

cooler

o1l ‘Redlation

Front
.eo0ling

Rear cooling \

Figure ;8. - Approximate division of englne cooling.
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to observe that only approximately -4LO percent of the heat is
dissipated by the baffled part of the cylinder. Only about
10 persent of the cooling, therefore, can be directly corre-
lated with the pressure drop of the englne cooling air.

It 1s clear that the heat to be dlsaipated to the
coolling alr 1s a complex function of many factors and that
the cooling 1s only partly dependent upon the pressure drop.
The nature of the cooling-uilr flow, the means of obtalnlng
pressure, and the method of measuring pressure on an air-
cooled engine wlll be dlscussed in the following sections.

Front Pressure

‘The flow in front of the engine takes numerous forms,
depending upon the condltions of flight, the altitude of the
alrplane, and the type of cowling. For 1nstance, consider
tke air flow in a cowling Iin the high-speed flight condition.
In this case, the cowling operates very much like a total-
pressure tube and a measurement of the total pressure 1in the
entrance shows very nearly free-stream pressure there.

In the take-off or climbing condition, the propeller
superposes a swirl on the axlal rlow in front of the engilne
(fig. L9). The veloclty pressure, the total pressure, and

Eall

Figure lj9. - Swirl in cowling produced by propellér.
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the astatic pressure then vary radially across the front of
the engine. :

A spinner 1s often used to tover the propeller hub and,
in this case, a relatively high«speed Jet is also present
(fig. 50). The pressure -tubes must be carefully located to
obtain the true pressure.

]

e

fﬁ‘__’_—/’

|
IR
| !

Pigure 50. - High-speed Jet in smell entrance area,

Under fllght conditlions, the cowllng is operated through

a range of angle of attack. When the cowllng 1s operated

at a high angle of attack as in the climbing conditlon, the
alr tends to flow 1nto the bottom of the cowlling and out the
top and spillage occurs. (See fig. Li2.) It may easily be
deduced from the foregoing lllustratlion that wide variations
in total pressure may be obtalned even with the most careful
measurements.

The true total pressure 1ln front of un engine varles
from the crankcase to the cylinder nead and from top to
bottom under normal operating conditions. For 1lnstence, the
swirl In front of the engine may cause a greater pressure in
front of one baffle than in front of the other baffle on the
same cylinder at the same radlus. (S8ee fig. 51.) Tube A
will probably show a higher total pressure than tube B
(rig. 51). The difference between tubes may also vary from
cylinder head to base,

. These l1llustrations simply demonstrate that no single
locatlon nor gilven number of locatinns provide a true picture
of the total pressure 1in front of the englne avallable for
cooling. The pressure must be measured at each point of
interest Just as certalnly &as 1t must be measured for each
condition of operation. There 1s no justification, otherwilse,
_ for correlation between cyllinder temperatures and pressurs
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Flgure 51. - Tlow at baffle entrance and exlt.

drops across cyllnders. Trere 1s no more Justification for
" expecting one pressure measurement on a cylinder to be slg-
nificant than for expecting one temperature measurement to
be significant.

The Individual tubes must be placed in the fins or in
the haffles where the value of the pressure 1s deslred,
The tube preferably should be installed in the fins a short
distance behind the entrance to the barffle. (See fig. 51.)
A tube so located glves the true total pressurc at the glven
locatlon. '

Rear Pressure

The flow behind the engline presents & much less compli-
cated pilcture than the flow in front of the engine. Here
the chlef complicatlon arlses from the jeta of air as the
flow eacanpes at the baffle exits. {See fig. 51.)

If the static pressure 1s measured behind the engilne,
1t willl be found constant unless the measurements are made
In the nelghborhood of the baffle exit or near the cowling
exlt where the alr 1s accelerating. .

The total pressure of the flow out the exlt slot might
be measured but such a measurement with flaps and adjustable
cowling exit may offer some complications. A statlc-
pressure measurement at a point remote from the baffle exlits
end the cowling exit 1s most convenient. The true static
pressure must be constant behind the englne except near the
exlt slot. A statlc-pressure gradlent could oécur behind
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the engine only because of & resistance to flow, A simple
calculation of free area behind the engine is sufflclent
evidence that any signiflcant static-pressure gradient would

be Impossible. If an attempt 1s made to measure the static
pressure 1n the neighborhood of the baffle exit, however,

wlde varlatlions in static pressure may be measured, depending
upon how nearly the statlc-pressure tube 1is alined with the
local flow,. A very secluded location accordingly should be
found for the tube. In such a locatlion, any type of measuring
tube may be used to measure the true static pressure.

The true pressure drop is glven by the difference 1n
pressure neasured by the total-pressure tube in front of and
the secluded tube behind the engine, Thils presasure drop
anplles to the passage In which the total-pressure tube 1s
located and, under different condltlions, mey vary from polnt
to point over the engine,

Effect of Propeller

Some years ago a serles of tests was run on a famlly of
cowlings with and without propeller operating. Some of the
tests were made with an electrlcally heated cylinder mounted
on a crankcase and some of them were made on an actual
operating engilne.

The case of the electrically heated cylinder demonstrates
some of the cooling problems without the complications of
variations in heat dissipation due to engine operating con-
ditions. Figure 52, taken from figure 11l of reference 22,
shows the effect of a propeller and a blower on the tempera-
ture distribution around an elsctrically heated cyllnder.

When the results are plotted as in figure 5%, which 1s taken
from flgure 13 of reference 22, it may be seen that, even
over the baffled part of the cvlinder, the temperatures are
not determined solely by the pressure drop.

The fact that flgure 5%(a) shows correlation even for the
front of the cylinder slmply means that the dlsturbances in
the flow which conol the front of the cylinder are related to
the speed of the alr. The baffled part of the cylinder has
e flow and a pressure drop that are related to the speed of
the airnlune,

Effect of Cowling-Entrance Slze

The measurements described were all made with a glven
cowllng except where the blower was used. The next step -
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Plgure 52, - Temperature varlution around an electrically
heated cylinder for various conditions. (Data from
fig. 11 of reference 22.)

what happens to the ccoling 1In an actual installation - 1s
al3o interestling. #gure 5 1llustrates the effect of open
frontal area on the heat dissinated to the coollng ailr as
measured from the air flow and the temperature rise of the
alr, No startling concluslons may be drawn from the curves
of figure 5. It may be noted, however, that the cowllings
wlth the largest openings dlssipate the least amount of heat
to the cooling alr. Thls trend may be explalned by spilllage,
whereby part of the heat transferred to the alr in front of
the engline 1s spillled out the front of the cowling.

The tendency of the smaller cowling opening to dlssipate
more heat to the cooling air iIn the baffles or to require a
higher pressure to maintain a constant cylinder temperature
1s also experilenced on the teat stand. Engines tested for
cooling on a test stand where the engine 1s installed 1n a
clrcular duct and all the cooling alr passes over the englne
invarlably require higher pressure drops for coolling than
the same englnes lnstalled in conventlonal cowlings on
alrcraft,
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Figure 53. - Cylinder temperature as a -function of pressure
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Figure 5. -« The ratio of horaepower transferred to cooling
alr to indlcated horsepower as a functlon of lndicated
horsepower for variousa cowling openings,

Conclusions

The foregoling dlscussion and illustrations simply
demonstrate that the pressure drop required for cooling an
engine i1s a function of many factors, all of which vary for
each test setup and each flight condition. The relatlve
effect of these varisbles may change when flight, wind-
tunnel, and test-stand results are compared,

Throughout the tests Jjust dlscussed, elaborate measure-
ments were taken of the pressures and the velocities at
numerous points 1n front of and behind the engine, in the
fins on the front of the cylinder and under the baffle, and

at the exit to the cowling. Such measurements establlish an

. 8effectlve leak area representing the leak area for cooling

alr around the engine. Because this effectlive leak area
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remalned constant regardless of cowllng, propeller, splllage,
and so forth,the pressure-drop measurements are consldered
reliable.

If the pressure drops are assumed to be correctly
measured, it may be concluded that the wvarious condlitions
imposed by cowlling deslign and flight operation have a sur-
prisingly large effect on cooling.

It may therefore be concluded that correlation between
pressure drop and englne temperature can be obtained at
present only under the most rigldly controlled conditions,
such a3 sometimes exlst in test-stand or wind-tunnel tests,

In view of thls conclusion, efforts should be directed
toward developling installatlons thut produce the greatest
posslible cooling, on the one hand, and englnes that are
adjusted to require a minimum of cooling, on the other hand.

Pressure drop should not be viewed as synonymous wilth
codbling. It 18 true that, for any set of fixed conditions,
_pressure drop ls a measure of cooling but the varilation of
swirl, splllage, carburetor adjJustment, power output, englne
speed, and so forth are such lmportant factors in cooling
that they should be given as much conslderatlion as pressure
drop. In fact, increasing the swirl or the splllage in’
front of an engine and thereby increasing ths coollng may bé
more feaslble In some cases than obtaining the same Increase
by Ilncreased nressure drop in the baffles.

DUCTS

Means and methods of reduclng the lnternal losses of
total pressure that occur in ducts are considered in the
present sectlon. The experlimental data used are taken
principally from references 23 to 25. Total-pressure losses
occur 1in ducts because of (1) friction, (2) obstructions,
(3) change of shage, (L) bends, (5) abrupt contractions and
expansions, and (6) diffusers. The loss in any part of a
duct - for exampls, at a corner or in a diffuser - for all
practical purposes may be taken as proportional to the
dynamlc pressure at that part, The total loss of pressure
in a duct may then be written

AH = Zkq
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If a duet can-be designed large enough that the dynamic
pressure ln the duct.is small, the loss in total pressure
caused by bends, and so forth, obviously 1Is small, inesmuch
as k 1s roughly of the order of unity. It 1s not there-
fore necessary to exerclse much care In trying to design for
small values of k, and the following dlscusslon can be
laergely disregarded. If, on the other hand, 1t 1s necessary
for theé dynamic pressure in a duct to be large, losses can

be reduced by making the values of k small.

Friction

The loss due to frictlon in ducts 1s generally negll-
glbly small, It can be calculated by the equatlions glven
in the section entitled "Pressure Loss."

Obstructions

Obstructlions (»nipes, spars, and so forth) should be
eliminated insofar as possilble. When the obstructlons are
small compared with the slze of the duct, the usual fairings
may bhe used. When the obstructions are large, the fairings
should be based on the rnles for good diffuser design, in
order to give a low rate of expanslon following the
obatruction.

Change of Shape

A gradual change of duct shape at conastant crosa-
sectional area (for example, a change from clrcular to square
section 1In a distance at least equal to the diameter of the
circle) gives a negligible loss.

Bends

The loss coefflcient k = %F for a bend i1s a function
of

(1) The radius ratio or the ratio of the. radius of
curvature R of the duct axls to the dlameter or
width of the duct D measured in the same plane
as R. (See fig. 55.)

(2) The aspect ratio or the ratio of duct height W to
width D.




(%) The angle 0 --through which the air is deflected by
the corner.

—t
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2

Figure 55, - Definlition of duct symbols, (Ffrom fig. 1 in
reference 25.)

Figure 56 shows the effect on k of varying R/D eand W/D
for a bend of 90°, It also shows that a circular section

is better than a square section and that a rectangular sec-
tiori with the turn made on the short side (W >D) can have a
.smaller k than a circular sectlon,

If i1t 1s not practicable to design a bend wlith desirable
(high) values of aspect ratlo and radius ratio, wvanes should
be used to reduce losses. As the gap-chord ratio s/e¢ of
the vanes ls decreased, the aspect ratlio and the radius ratilo
of the bend are increased. The additional vanes, however,
Increase the frlctional loss, It has been found that, for
thin metal vanes with the shave of the arc of a quarter
circle (fig. 57), the total loss is & minimm (k = 0.2) at
about s8/c = 0.5.

Bend losses are lower when the bend 1s followed by a
stralght duct than when the duct 1s terminated immediately
after the bend. TFor 8 = 90°, the strailght part should be
at least 4D 1in length. :
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Figure 56. - Loss coefficient k of bend as a function of
ratlio of helght to diameter and ratio of radius of
curvature to dlameter. Square, circular, and rectangular
cross sections; 6 = 90°, (From fig. 3 of reference 25.)

‘. 1 ]
Abrupt Contragtlions and Expansions

Losses 1n the total pressure of the fluld ococur at abrupt
changes In cross-sectional area. The losses that take place
at abrupt contractions of cross-sectional area (fig, 58) can-
not be calculated without the aild of experimental data.

Such data for Iincompressible flulds can be correlated by the
equation (p. 737, reference 26)

AH""'qu
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Figure 57. - Definition of vane symbols. (From fig. 5 of
reference 25.)
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Figure 58. - Abrupt contraction of cross-sectigonal area,

Lk Tl o]



1%

127

where

»

AH * loss in t&teal préssiure

qz_ dynamic pressure in smaller cross section
= 0.4 (1.25’ - £), £<0.715

k= 0.7.5 (1 - 1), £>0.715

£ ratlo of area of smaller cross section to area of larger
cross sectlon

The losses at an abrupt contraction can be materially
reduced by rounding the edge ai the entrance to the smaller
duct. If the edge 1s only slightly rounded - as, for
example, by a few strokes of a file ~ the loas 1s reduced by
approximately one-fourth.

An abrupt increase in the cross-sectlonal area of a
duect (fig. 59) also causes a loss in the total pressure of
the fluid. This case 1s one of the few In which loas of
pressure in flow through ducts can be calculated without the
ald of experlimentally determined coefficlents, Most
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Figure 59. - Abrupt expanslon of cross-sectional area,
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textbooks on hydraulics - for example, reference 27 - show
that, for incompressible fluids, the loss 1n total pressure
caused by a sudden expansion is glven by the equation

A = (1 - £)% qp | (68)

Here agaln the dynamic pressure 1s to be taken at the
smaller section.

For compressible flulds, the loss In total pressure

caused by a sudden Ilncrease in cross-sectional area, as de-
rived in an unpublished analysls, is given by the equation

1 L
AH:l'(%)ﬁlupl L\ (69)
H (T

Py _ 1+ vfK? + Y V2YfH12 (1 - £) + 1 - 2£2M2 + £2Msl
P Yy + 1

where

For comperison of the losses in incompressible and incom-
. pressible flow, the equation for Iincompressible flow {equa-
tion (68)) 1s easily transformed to read

2

AH _ (1 - T
'ﬁi - 2 1 (70)
-—2 +
YMl
by using
H=p + q
and
2
2 = 8V2
M YP
= 29
YP

Equations (69) and (70) are plotted for air, y = 1.405,
in figure 60. Inspection of figure 60 shows that, except
at the highest !Mach numbers, the loss for compressible -flow
can be considered the same for most nurposes as the loss for



129

incompressible flow and can therefore be calculated by the
simple equation (68).
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Figure 60, - Loss in total pressure at abrupt expansion as a
function of area ratlio and Mach number in compressible and

1

incompressible flow. Y = 1l..05.

Diffusers

The principal function of a diffuser, or expanding sec-
tion, 1s to increase static pressure by transforming dynamle
pressure to static pressure. The adverse statlc-pressure
-gradient in a diffuser tends to produce separation of flow
at the walls and the separation causes a loss In total pres-
sure. The principal design problem is to prevent separatlion.
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If the distribution of veloclty 1s conatant across the
initial and the flnal sections of a diffuser, the diffuser
oefficlency .can be defined as
_Pp =Py
Q1 = Qo

n ==

Tig~1

For the velocity distribution of turbulent floﬁ, this equas-
tion glves an efficlency that 1s only a few percent too large.

The principal factar upon which the efficlency mn de-
pends 1s the rate of expansion. Figure 61 shows the varia-
tlon of m with the angle of expanslon 20 for & rectangular

1.0— —
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-tCircular section

.4 :
\ N T 9.00

3.00
0 ~. ,——e—«-Rectgnéulgr seqpion
0 20 40 80 80 100 120 140 160 180:
|

Figure 61. - Diffuser efficlency as a funttion of expansion
angle and cxpansion ratio.

section and for circular sections of various expansion
ratios. For ccnical diffusers, the angle of. expanslon of
greatest efficiency lies between 5° and 8°. The effilclency
decreases rapidly as 26 increases beyond about 10°. For
square diffusers, the angle of expansion for which the effi-
ciency is greoatest is about 6°. Tor rectangular diffusers
in which the inltianl section is squere and one pair of walls
remalns parallel whereas the other Bair dlverges, maximum
efficiency occurs at about 20 = 11%. Figure 61 also shows
that the efficilsency cdecremses as AE/Al increases and that
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the effect is greatest for large values of 29. At the
same rate of erxpansion, that %s, at the same lncrease 1in
area per unit length of duct, the circular section Zs more
efficient than the square sectlion and the square sectlon
1s more efficient then the ractangular sectlon,

There 1s less tendency for separatlon to occur and the
efficlency 1s better for a thin boundary layer at the d4dif-
fuser entrance than for a thick one. The efflclency there-
fore 1s better for u short duct ahead ol the diffuser than
for @ long one. This fuct, however, 1s princlpally of
academic interest and 1s not of much practical value in de-
slgning duets for saircraft, for which -duct length is generally
dictated by other factors.

Because the statlic pressure corntlnues to rise for some
distance fror1 the exlt or a diffuser, the efilclency of a
diffuser 1s greater when it is follcwed by a length of outlet
duct. Tor 26 = 39, the efficleicy mar be increased 5 to
15 percent by an outlet cuct. Tne effect 1s greater when
2 is larger than E£°, If tlie entrance velocilty dilstribu-
tion 1s constant, the outlet duect length should ba about
L4Ds; 1f the entrance veloclty dlstribution is that of tur-
bu%ent flow, the lengti should be atout 6D;.

When a gqulck expansion must be used, separation can be
delayed and the efflclency increassd by curvature of the
walls, The beneilt of curvatuvre is most pronounced in the
range 15°9< 29< 300, A good type of curvature seema to be
one that begins sdually and ends in s straight line, us
shown in figwe 62,

> 2 e —

Pigure 62. - Diffuser with curved walls.
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Loss in total pressure at gquite large angles of expansion
may be reduced by use of deflectors. A system of deflectors,
such as is shown in figure 63, can increase T by about 40
percent for 26 = 900°,

ANRARARARARRANAN
1

. Figure- 6li. - Definition of diffuser symbols.
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Diffusers Followed by Resistances

When' a heat exchanger 1ls directly behind a diffuser,
the expansion can be made rmuch more -rapidly, for the same
loss of total pressure, than when a large reslstance 1ls not
behind the diffuser. Tests of diffuser-resigstance combina-
tions were reported in reference 28, from which the materilal
in the ‘preaent section.1is taken, In these tests, the dif=-
fuser shape was defined by three variables: a radius Ry
at the entrance of the diffuser, an angle 26 of a cone,
and a radius Rg at the exit of the diffuser.  (8ee
fig. 64.) = '
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Pigure 65, - Diffussr efficiency mn as a function of ex-
pansion angle 26, conductivlity of reslistance Ap, and

entrance length-diameter ratio L/D. Ap/A1 = 2. (From
fig. 19 of reference 28.) - -
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Flgures 65 and 66 show the efficiency m of a diffuser’
thatf is followed by a resistance, as affected by the conduc-
tivity of the resistance -1fq/Ap, the ratio of expansion
Ap/Ay, and the L/D of the entrance duet, thet 1s, the velo-
clty distribution at the diffuser sntrance. ) )
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Figure 66. - Diffusér efficiency m as a functlion of ex-
pansion angle 28, conductivity of reslstance +4/Ap, and
entrance length-dlameter ratio L/D. Az/A; = 3. (From
fig. 20 of reference 28.) .
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The tests showed that the value of Ry,; 18 not critical.
It need be only large enough to remove the abruptness orf the
-corner. . A value of Rgq =D appeared better than other
values tested, except when the diffuser was very short.
When the diffuser was very short, the beginning of the curve
was too abrupt and a value of Rg = D3/6 was better. The
effeoctive angle of expansion 26 1is as shown in figure 6l.

Langley Memorial Aeronautlical Laboratory,
Natlional Advisory Committes for Aeronautics,

Langley Fleld, Va,




APPENDIX A

PHYSICAL PROPERTICS OF AIR

L]

The speciflc heat of alr at constant pressure may be
taken as :

cp = 0.238 Btu/1b/°F

. for all temperatures and pressures encountered 1n heat-
-exchanger work.

.. The Prandtl number for air can be consldered a, constant
and’ ' equal to

>.air, the ratlo of tie specific heat at constant
pressure to the specific heat at constant volume 1s

= 1.L05

The .coefficlent; .of viscosity p of alr and the thermal
conductivity k of alr can be considered functions of
temperature only. ”hsse quantitles are shown as functions
..of temperature in °F in figure 67. The value of pu at
2680 F was taken from reference 29 and the value of k at
320 F was teken from reference 30. Values of both p and
Xk at other temperabures wers calculated by Sutherland's

equadilon glwven in reference 30.
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APFENDIX B
PROPERTIES OT' NACA, ARMY, AND NAVY ATMOSPHERES

A stendanrd atmosphere 1s necesasary for computing, evalu-
ating, and comparing the perrformance of alrcraft at altitude,
The propertles of three standard atmcspheres as defined by
the NACA, the Army, and the Huvy are given in tables V to VII,

. The standard atnosphere defined by the NACA 1s an ap-
" proximate yearly average of condlbions at LOO latitude in the
Unlted States. The sea-level temperature is .taken as 59° F,
~ A uniform temperature gradient of 3.566° F per 1000 ft is
assumed from sea level to 75,322 ft, where the temperature
1s -67° F. Altitudes higher than 35,332 ft are assumed .
-1sothermal at -£7° ¥, Pressures in the NACA standard atmos-
phere are glven by the equation

In which pp 12 the sea-level pressure of 29.921 in. of
mercury and c¢ -1s a functlon of a mean temperature, whlch
in turn 1s & function of altltude, (Ses reference 51.)
Densltles are computed by the general gns lasw, with sea-
level density taken as 0.002378 slug/cu-ft. :

. The standard atriosnihiere used by the Army hes a tempera-
ture at sea level L0° F higher than the temperature of the
., NACA standard atmosphliere. The gradlent 1s the same as in
“the NACA atmosphere; that is, the temperature reaches ~67° F
at 46,519 £t, where the isothermal reglon is assumed to begin.
Pressures at all altltudes are taken to be the same as in
the NACA atmosphere, et

The standard atmosphere used hy the Navy has a tempera-
ture at sea level 30° F higher than the teuwperature of the
NACA standard atmosphere, The gradlent 1s the same as in
the NACA atmosphere; t“he temnerature reacliocs a constant value
of -67° ¥ at ;3,656 £t. Tressures at all altitudes are
taken to be the same as in the NACA atmoaphere,
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. Temperature | Pressure| Density, p [Relatlve density,
Altituds| ™" "op) (in. Hg){(slug/cu £t) “o/p,
0 59.0 29.92 0.002278 1.0000
1,000 550y 23.86 .002509 .9710
2,000 31.9 27.82 W0022}12 .9L28
,000 8.3 26.81 .002176 .3131
1,000 L7 25.8h .002112 . 8881
5,000 Li.2 2l.99 .oozo%% .B616
6,000 37.6 23 .98 .0019 .8358
,000 3L.0 23.09 .001328 .8106
,000 20.5 22.22 .001869 .7859
9,000 26.9 21.%8 .001612 .7619
10,000 25.3 292.58 .001756 738l
11,000 19, 19.79 .001702 <715l
12,000 16.2 19,0% .00164L3 .6931
13,000 12.6 18.2¢9 .001596 .5712
1L, 000 9.1 17.57 .Oul?ﬁf .61,99
15,000 5.5 1688 onih g .6231
16,000 1.9 16.21 .001L38 .6088
17,000 -1.6 1P.56 .001];01 .5391
13,000 ~-5.2 2l .9l .001755 .5698
19,000 -9.8 .5 .001311 .5509
20,000 -12.3 13.75 .001267 532
21,000 -15.9 13.10 .001225 .51l
22,000 -19.5 12.5% .001183 . g7u
23,000 -23.0 12.10 .002143 1805
,000 -26,6 11.59 .001103 .u6%o
25,000 -30.2 11,10 .00106 180
26,000 -33.7 10.62 .001.02 11323
27,000 -37.3 10.16 .000%92 L1171
28,000 -[,0.9 9.720 .000G57 1023
29,000 NN 9.29% 000622 3879
30,000 -48.0 8.880 .00088 2740
31,000 -51.6 5.,83 .000852 .3205
32,000 -53.1 8.102 .00092 372
33,000 -2 .7 T.7%2 000795 <3343
31,000 -62.2 7.57Z .000762 .3218
35,000 -65.83 z.os 00072 .3098
36,000 -€7.0 .708 _.ooozoh 2962
%7 000 -67.0 -6.395 .000671 282
38,000 -67.0 6.0906 . 00060 2692
39,000 -67.0 5.812 2566 |

000610
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TABLE V' - Continued
NACA STANDARD ATMOSPIERE - Contilnued

Temperature |Pressure| Denslty, p |Relative density,
Altitude (°F) (in. Hg)|(slug/cu ft) P/Pg
10,000 ~67.0 5.501 0.000532 0.2UL7
L1,000 ~€7.0 5.28% .00055); 2332
;12,000 -67.0 5.036 .000529 .222);
43,000 -67.0 )..802 00051 .2120
,000 ~-67.0 L.5za .00/ .2021
uz,ooo ~=67.0 .38l .000159 .1926
L,6,000 -67.0 L.169 .000)57 .1837
Iy7,000 -67.0 %2,965% .000417 .1251
118,000 -67.0 5.@81 .C0C397 .1669
,9,000 ~-67.0 3.60L 000379 .1591
0,000 -€7.0 3.36 .000361 151
gl,ooo -63.0 5,276 L0003 4L . .1ﬁh;
52,000 -67.0 3,12k .000328 .1379
£% 000 -67.0 2.973 .000315 1316 -
51,000 -67.0 2.839 .co0223 .125
55,000 -67.0 2.707 .00028 W11
56,000 ~67.0 2.251 .000271 .11%0
55,000 -67.0 2.160 .00025R .10
58,000 ~67.0 2,305 .00C26 .103
59,000 -67.0 2.236 .000235 .098
60,000 -67.0 2.132 .000221, .09L2
61,000 -07.0 2.033 00021 .pgoo
62,000 -67.0 1.3 8 .00020} .0858
6%,000 -67.0 1.8L7 .ooelgh .0816
61,000 -67.0 1.761 .00C1R5 .0778
65,000 ~€7.0 1.679 .000170 07h0
66,000 -67.0 1.€01 ' .000108 .0706
67,000 -67.0 1.526 .000160 L0673
63,000 -67.0 1.L55 .000153 .06 a
69,000 -67.0 1.387 .0001"0% .061
70,000 -67.0 1.322 .000139 " .0585
71,000 -67.0 1.261 .000132 .0555
72,000 -67.0 1.202 000126 .0530
73,000 -67.0 1.1L6 .000120 , .ozor
71,000 -67.0 1.063 .000115 .0 8%
72,000 -67.0 1.041 .00010 .05
76,000 -67.0 -993 .00010L .oh;z
27 , 000 -47.0 .0h5 .000C99 .0l1
78,000 -67.0 .Q02 .000095 .039
9,000 -67.0 . .Béo 000050 .o3g
0,000 -67.0 .820 .000086 .0362




TABLE VI

-ARMY SUMLER STANDARD.ATHOSPHERE

Temperature

Pressure

Density, p

Relative donsity;_

Altitude (°F) (in. Hg)l(slug/ou £t) p/Po
0 99.0 29,92 0.002207 1.0000
1,000 95.4 28.86 00213 9710
2,000 91.9 27.82 .002081 .al:29
,000 88.5% 26.8 .00201 .gl
, 000 ah.z 25, .00195 .B8
,000 8l.2 " ‘{ 2hL. «001LE 85
, 000 776 23,9 .001 .8
e | |28 | SR | SR
, [ ] L] L ] [ ]
9,000 26.9 21.38 ~ «00167. . 7585
10,000 63.3 .| 20.58 .001623 7354
11,000 £9.8 19.7 001571 7118
12,000 56.2 19.9 OL521 .0892
13,000 52.6 18.29 <001y BA70
1,7 000 li5a1 17.57 L0013 :
i5,000 1.5 16. 00137 2L,
16,000 l ? 16.21 .001352 L6035
17,000 36., 15.56 .0012869 581
182000 21,.8 L. 00125 5603
19,000 31.2 14.33 +J01205 .5L&0
20,009 27. 17, 00116 5279
1200 01 12.1,é 01123 “20h9
22,000 20.5 12.53 .001085 Ja16
22,009 17.0 12.10 ,0010L:7 Ji7h)
i, 000 17.h 11.59 001010 “L576
25,000 ?.8 11.10 .00097L L3
2€,000 103 10.82 .0009],0 L4259
Sl [k | |
29000 -)4.3 353 .0003),1 3511
-'0,000 "8.0 8.880 0008].1 .56 5
1,000 -11.6 8.483 .000781 .
32’000 "lgnl 8-101 00007 [ ] Z
,000 -1 .Z 7- ? OOO f—} L]
, 000 -22,2 7.07 «000695 . %29
3 .000 -:—5. - 2 .000 .
,000 -29. Z 08 .oooéhg .2912;
Z,ooo “32,9 6. .00051 «2807
38,000 6.5 6.09 »00059L 2601
29,000 J0.1 5.812 *039571 «2587
»,000 -3, . .000549 24,88
m, "%ag 202132 -000528 .23%
L2,000 -50.8 .0 .000508 2302
143,000 =5ly.3 .802 . 000458 2211
, 000 57«9 L.578 .000L70 +2130
L5,000 -61.5 L. - 000452 .
L6,000 =05 0 L.1€0 00043, . 1967
;7,000 ~£7.0 .966 .ooouf 1689
,000 -£7.0 'Zgl .000397 1
L|.9,000 _67.0 [] ,-l. .000 '79 cl 7




TABLE VII

NAVY SUMMBR STANDARD ATMOSPHERE

Tempersature|Prossure| Denslty, p |Relative denslty,
Mtitude; (op)  I(in. Hg)|(slug/ou %) p/py
0 89.0 29,92 0.002243 1.0000
1,000 85.4 28.86 .002183 .9711
2,000 81.9 2Z.82 .002118 922
,000 78.3 25,61 002051 .9137
,000 T T 25.84 .00iC39 .8866
5,000 1.2 2ﬁ.89 .C01G33% .85
6,000 7.6 23.98 .001875 .832?
7,000 6.0 23.09 .001618 .808
8,000 60.5 22,22 .001761 783
9,000 56.9 21,38 .GOL706 . 7589
10,000 33.3 20.58 00165l .7358
11,000 7.8 19.79 001401 .7122
12,000 L6.2 19.03% .081551 .6899
13,000 Lhe.6 13.29 .001501 6677
1L, 000 3.1 17.57 00152 6459
15,000 35.5 16.88 .001L05 6250
16,000 31.3 16.21 »C0L%57 L0ouy5
17,000 238., . | 15.56 00131, .58l
18,000 2iy.8 14,94 .001271 5651,
19,000 21.2 14.33 001228 .5L63
20,000 17.7 13.75 .001187 5220
21,000 14.1 13,18 .GO11L47 .51C2
22,000 10.5 12.63 .001107 L4920
23,000 7.0 12.10 001069 L755
2Ly, 000 3.1 11.59 .0010%2 1591
25,000 -.2 11.10 000496 Jih31
26,000 3.7 10.62 .0C09690 1270
27,000 =7.3 10.16 000926 L1119
28,000 -10.? 9.720 .00G3893 <3972
29, 000 =1h.1: 9.293 .000860 .3826
20,000 ~18.0 8.880 .000829 . 3688
31,000 -21.6 8.483 .000798 . 3550
,000 -22.1 8.101 ° .000768 AL16
g%,ooo -2 .Z 7.73%2 .U00739 . 228
,000 -32, 7.37 .000711 . 316
35,000 -35.8 Z.o; .00C 20,3
36,000 -E9.L; 6.708 .000258 .29822
'000 - 7.0 L) ] .000 92 1
gg,ooo 186 6.83 - 000ea8 -2705
39, 000 -50 .? 5 [] 812 .000585 .2
L,0,000 -53.8 5.54L1 000561 2496
,000 ~57.4 5.283 000541 .2L07
,000 ~61.0 3.036 .000521 2318
43,000 ~6l.6 .802 000501 «2229
i, 000 -67.0 L.578 000,81 210140
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APPENDIX G

IMPACT~PRESSURE CHART

Impact pressure 1s shown in figure 68 as a function of

speed and altitude. Impact pressure is the pressure shown
by a pltot-statlic tube and 1s deflned as the total pressure
minus the static pressure, that 1s, the statlc pressure at a
stagnation point minus the static pressure in the fres
stresm.
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